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FOREWORD 


This  final  technical  report  covers  work  performed  under  Contract  No. 

F  33615-67-C-1434  from  1  March  1967  through  31  January  1968.  It  is  published 
for  technical  information  only  and  does  not  necessarily  represent  the  reconmen- 
dations,  conclusions,  or  approval  of  the  Air  Force.  The  manuscript  was  released 
by  the  authors  on  31  January  1968  for  publication. 

This  contract  with  Battelle  Memorial  Institute  of  Columbus,  Ohio  was 
initiated  under  Manufacturing  Methods  Project  140-7,  "Design  Development  for  a 
Hydrostatic  Extrusion  Press",  It  was  administered  under  the  technical  direction 
of  Mr.  Cerald  A.  Gegel  of  the  Metallurgical  Processing  Branch  (MATB) ,  Manufacturing 
Technology  Division,  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force 
Base,  Ohio. 

This  project  has  been  accomplished  as  a  part  of  the  Air  Force  Manu¬ 
facturing  Methods  program,  the  primary  objective  of  which  is  to  inclement,  on 
a  timely  basis,  manufacturing  processes,  techniques  and  equipment  for  the  eco¬ 
nomical  production  of  USAF  materials  and  components.  The  program  encompasses 
the  following  technical  areas: 

Metallurgy  -  Rolling,  Forging,  Extrusion,  Casting,  Conpositea, 

Powder 

Chemical  -  Propellant,  Casting,  Ceramics,  Graphite,  NonmetalUcs 

Fabrication  -  Forming,  Material  Removal,  Joining,  Coi^ionents 

Electronics  -  Solid  State,  Materials  and  Special  Techniques, 

Thermionic  s 

Suggestions  concerning  additional  Manufacturing  Methods  efforts 
required  on  this  or  other  subjects  will  be  appreciated. 

The  program  was  conducted  at  Battelle  by  the  Metalworking  Division 
with  Mr.  G.  E.  Meyer,  Research  Metallurgical  Engineer,  as  project  engineer  and 
Mr.  R.  J.  Fiorentino,  Associate  Chief,  as  program  manager.  Others  contributing 
to  the  program  were  Mr.  A.  M.  Sabroff,  Chief,  of  the  Metalworking  Division  and 
Mr.  F.  W.  Boulger,  Senior  Technical  Advisor  of  the  Department  of  Process  and 
Physical  Metallurgy.  Those  contributing  to  the  stress  analyses  of  ultrahlgh- 
pressure  containers,  stems,  and  dies  were  Dr.  J.  C.  Gerdeen,  Senior  Research 
Mechanical  Engineer,  Dr.  F.  A.  Simonen,  Research  Mechanical  Engineer,  and 
Dr.  L.  E.  Hulbert ,  Chief  of  the  Advanced  Solid  Mechanics  Division. 

Under  subcontract,  Bliss-Barogenics ,  Inc.  of  Mount  Vernon,  New  York, 
contributed  to  the  design  and  costing  of  the  hydrostatic  extrusion  press  and 
related  equipment.  Personnel  at  Bliss-Barogenics  who  participated  in  this 
program  were  Mr.  F.  G.  Boggio,  Production  Manager,  Mr.  A.  Moos,  Prsss  Designer, 

Mr.  N.  Kramarow,  Assistant  to  the  Vice  President,  and  Mr.  A.  Zeitlin,  Vice 
President.  ,  _  f) 

« <(/  ^ 

■*  H.  A£>Oohnson,  Chief 

Metallurgical  Processing  Branch 
Manufacturing  Technology  Division 


ABSTRACT 


The  overall  objective  of  this  program  was  to  develop  a  design  for  a 
production  hydrostatic  extrusion  press.  The  press  was  designed  to  usftwo 

12^nchedl^tertxUl82i0nlC°htalrr8  °n*  COntalner  wo,lld  have  bore  dimensions 
250  000  tjT °  lnCheS  l0n8'  Capflble  of  withstanding  a  fluid  pressure  of 
W  5  '  ,?  °ther  contalner  would  have  a  bore  6-inch  diameter  x  36  inches 

ioufd  be  uTd  t  COntaln  a1Uld  3t  Pre8SUreS  UP  t0  450'°00  p8i-  A  press 

to  iemit  either  contalner  «  both  containers  simultaneously 

H  f  !  ll,id  extrusion.  The  designs  were  carried  out  in 
I  ,  to  permit  a  close  estimate  to  be  made  of  the  construction 

evaluative  ^h  C0Bt®  ^  the  Press'  The  approach  to  this  design  study  involved 
concept  that  ^  refined  in^eta!^  P"**  C°nCeptS  bef°re  arrlvin*  at  tbe 

torle^  /  llt;*ra,::ure  survey  supplemented  with  visits  to  high-pressure  labora- 
and  clonentll  t  CFl“Cally  evaluate  Potential  hydrostatic  extrusion  concepts 
X  w  f  C°  be/pplled  ^ls  study.  A  survey  was  made  of  material 

!  h  /  forging  companies  to  establish  the  availability  of  large  high- 

*  h  co“P°nent8  that  would  be  required  to  construct  the  large  high-pressure 
container*  designed  in  this  program.  8  pressure 

both  a  1?  tnrh’K00't0otnyo^StatlC  cxfru,lon  press  was  designed  to  pressurize 
430  (WO  250,1 000  PSl’  ™ltl-rin8  container  and  a  6-inch  bore, 

would  be  cl'  “uld-"uPporPed  container.  The  6- inch  bore,  450,000  psl  container 
”  y  P  1,8  tHe  6'inCb  llner  Wlthin  the  12*lnch  container 
'  system  on  tie  r  Up  250 '00°  psl  to  aupport  it.  A  dual  ram  hydraulic 

fl.HHa  ?  p  WOUld  be  U8ed  t0  compre88  both  the  450,000  psi  and  250,000  psi 

was  SesilnldY”^  ^  i?  3  Sultable  Proportion.  A  materials  handling  system 
was  designed  for  the  press  which  could  muzzle  load  up  to  about  35  billets  per 

hour.  A  modification  of  the  hydrostatic  extrusion  press  was  made  so  that,  the 

Con t a iner a”! f  T  ^  conventlonal  a*  well  as  hydrostatic  extrusion. 

Container,  of  various  designs,  stems,  and  dies  were  stress  analyzed  extensively. 

conventions?  eC°n°ml,  comparison  was  made  between  hydrostatic  extrusion  and 

shale?  ?M«Pr°C?88!n8.  s!r  Vari°US  materials  and  f°r  production  of  tubes  and 
staMr'evtr  8  anaJyafs  indicated  that  there  were  important  areas  in  which  hydro- 
tatic  extrusion  techniques  could  produce  close- tolerance  products  at  a  lower 
cost  than  conventional  processing.  Aluminum  alloys  could  be  extruded  at  a  faster 
aSl"8  bydrostatic  rather  than  conventional  extrusion  techniques  and  this 

I"  COnW/"1°n  CTS  °ther  areas  that  may  permlt  cost  reductions 

to  rh?  production  of  thin-wall,  seamless  tubes  and  the  re-extrusion  of  shapes 
to  cnin  sections.  r 


This  document  is  subject  to  special  export 
controls  and  each  transmittal  to  foreign 
governments  or  foreign  mationals  may  be  made 
only  with  prior  approval  of  the  Manufacturing 
Technology  Division  ol  the  Air  Force  Materials 
Laboratory,  Wrjght-l'atterson  Air  Force  Base, 
Ohio  45433.  Distribution  of  this  report  is 
limited  because  it  contains  technology  identi- 

iiable  with  items  on  the  strategic  embargo  list 
excluded  from  export  or  re-export  under  U  S 
export  act  of  1948  (63  STAT.  7)  as  amended 
(50  ll.S.C:.  Appn.  2020-2031). 

if  l 


TABLE  OF  CONTENTS 


INTRODUCTION 


1 


General  Background .  1 

Hydrostatic  Extrusion  at  Battellc* . . . 

Program  Objectives .  2 


SUMMARY 


4 


SURVEY  OF  FACILITIES  AND  LITERATURE .  7 

Hydrostatic  Extrusion  Concepts .  9 

Basic  Hydrostatic  Extrusion  Process .  9 

Augmented  Hydrostatic  Extrusion . 11 

Hot  Extrusion  Under  Hydrostatic  Pressure  .  13 

Fluid-to-Fluid  Hydrostatic  Extrusion  .  13 

Semicontinuous  Hydrostatic  Extrusion  .  16 

Container  Design  Concepts  .  .  .  17 

Analytical  Study  of  Container  Design  Concepts  at  Battelle.  ...  17 

Controlled-Fluid-Fill  Container . 21 

Fluid-Support  Multi-ring  Container  .  23 

Composite-Ring  Container  .  23 

Ring-Segment  Container  .  23 

Wire-Wrapped  Multiring  Container  .....  .  25 

Bridgman-Birch  Container  .  25 

Stem  Design  Concepts . 25 

DESIGN  OF  PRODUCTION  HYDROSTATIC  EXTRUSION  PRESS  .  29 

Preliminary  Considerations . 29 

Hydrostatic  Extrusion  Press  Description  .  30 

Tooling  Designs . 43 

Containers . 43 

Stems . 46 

Dies . 48 

Fluids  and  Seals . . . .  •  49 

Press  Description  . . 52 

Structure  of  the  Press  . . 52 

Platens.  . . 52 

Cylinders  and  Rams . 52 

Slip  Cylinders . 53 

Press  Supports . 53 

Alignment  of  the  Press  Elements . 53 

Container  and  Container  Housing . 54 

Gate  Lock  Arrangement . 54 

Runout  Table  .  54 

Billet,  Dummy  Block,  and  Die  Handling  Arrangements  .  54 

Saw . 54 


v 


TABLE  OF  CONTENTS 
(Continued) 


Hydraulic  Systems  Design.  . 

Oil  Hydraulic  System  .  .  . 

Water  Hydraulic  System  . 

Electrical  Equipment  .  .  . 

Piping . . . *  ’  *  ’ 

Materials  Handling  System  and  Press  Operating  Sequences 
Solid  Extrusions  From  the  250,000  Psi  Container.  . 
Tube  Extrusion  From  the  250,000  Psi  Container.  .  . 
Extrusion  Drawing  From  the  250,000  Psi  Container  . 
Solid  Extrusion  From  the  450,000  Psi  Container  . 
Tube  Extrusion  From  the  450,000  Psi  Container.  . 

Fluid-to-Fluid  Extrusion  . 

Time  Cycles  for  General  Press  Operations  . 


Pa&e 

56 

56 

58 

54 

60 

61 

65 

67 

71 

72 
72 
76 
80 


ANALYSIS  OF  TOOLING 


87 


Choice  of  Materials  for  Container  Design . 

Material  Fatigue  Strength  Considerations  . 

Fatigue  Behavior  of  Thick-Walled  Cylinders  .  .  .  . 

Manufacturing  Considerations  . 

The  Autofrettage  Process . 

Analysis  of  Multi-ring  Containers  .  ’  ' 

Multi-ring  Container  Designs  for  250,000  Psi  .  .  , 
Autofrettaged  Multi-ring  Container  for  250,000  Psi 
Fluid-Support  Container  Design  for  450,000  Psi  .  . 
Analysis  of  Additional  Loading  Effects  in  Liner  .  .  . 

Pressure  Discontinuity  on  Bore  . 

Pressure  Discontinuity  on  0D  of  Liner . 

Stresses  in  Region  of  Notch  (Seal)  in  Liner.  .  .  . 

Analysis  of  Other  Container  Designs  . 

Sectored  Container  With  No  Liner  . 

Stem  Analysis  . 

Stem  Buckling  .....  . 

Lateral  Support  of  Stems . 

Analysis  of  Composite  Stems  . 

Stem  Misalignment  . 

Design  of  Concentric  Stems . 

Required  Length  of  Inner  Stem . ’  ’ 

Buckling  of  Inner  Stem  . 

Hoop  Stress  in  Outer  Stem . 

Differential  Poisson  Expansion  of  Stems . 

Tungsten  Carbide  as  a  Stem  Material . 

Die  Design . 

Assumed  Die  Loadings . 

Calculated  Results  for  Particular  Die  Design*  . 

Die  Design  1  . 

Die  Design  2  . 


.  87 

.  88 
92 
.  97 

.  97 

.  99 

.  99 

.  110 
.  117 
.  121 
.  121 
.  124 
.  124 
.  127 
.  127 
.  130 
.  130 
.  133 
.  134 
.  138 
.  142 
.  142 
.  144 
.  145 
.  145 
.  146 
.  147 
.  147 
.  150 
.  150 
.  150 


vi 


TABLE  OF  CONTENTS 
(Continued) 


Die  Design  3  .  .  . 

Die  Design  4  . 

Die  Design  5  .  .  . 

Approximate  Die  Analysis 

Summary . 


ECONOMIC  ANALYSIS  OF  HYDROSTATIC  EXTRUSION 


Press  and  Average  Conversion  Costs 

Economic  Analysis  Applied  to  Vartoimtateriai^  .'  .’  *  *  *  * 

AISI  4340  Steel . .  *  *  ■ 

Aluminum  and  Aluminum  Alloys  . 

Titanium  and  Titanium  Allovs  .  . 

Refractory  Metals . . . 

Nickel-Base  Superalloys .  . 

Beryllium.  ,  .  . 

°5  Lar8e~Diameter  Thin-Walled  Tubing.'  .*  [ 
f" 

ShWaaUFluTLn8.C08tS  f°r  Pr°dUClnP  1()-inch'0D  i  O.i-inih 


a!,;n““-c,“rwi;rT„tr  •  • 

Costs  for  Hydrostatic  Kxtrusion'of  TlibAl^V  Chinneis’  ' 
Costs  for  Conventional  Processing  of  TI-6A1-4V chanwi- ' 
Summary  of  the  Economic  Analysis 


APPENDIX  I 

"'SSe  (hydrostatic/conventionalI^extrusion^press n.\\m 

REFERENCES  ... 


SlA?.. 

.  .  153 
.  .  153 
.  .  153 
.  .  156 
.  .  159 


.  160 


.  162 
.  167 
.  167 
.  172 
.  176 
.  178 
.  180 
.  182 


.  183 
.  183 

.  184 

.  187 

.  188 

.  190 
.  191 
.  193 
.  194 


.  197 
.  201 


vli 


LIST  OF  TABLES 


Table  PaRe 

I  General  Specifications  of  17,000-Ton  Hydrostatic 

Extrusion  Tress  and  a  Dual-Purpose  Press  Capable  of 

Both  Hydrostatic  and  Conventional  Extrusion .  37 

XI  Hydraulic  Power-Station  Specifications  for  the 
17,000-Ton  Hydrostatic  Extrusion  Pres3  With  a 

Direct-Drive  Oil  Hydraulic  System  .  38 

III  Hydraulic  Power  Station  Specifications  for  the 

17,000-Ton  Press  With  a  Water  Hydraulic  System .  39 

IV  Ductility  of  Steels .  98 

V  Dimensions  and  Required  Strengths  of  Rings 

for  the  5-Rlng  Container . 101 

VI  Required  Interferences  for  the  5-Ring  Design  .  101 

VII  Required  Press  Forces  for  Assembly  of  the  5-Ring  Container.  .  .  102 

VIII  Dimensions  and  Required  Strengths  of  Rings  for 

the  7 -Ring  Container . 103 

IX  Required  Interferences  for  the  7-Ring  Design .  103 

X  Required  Press  Forces  for  Assembly  of  the  7-Ring  Container.  .  .  104 

XI  Dimensions  and  Required  Strengths  of  RingB  for  the 

3-Ring  Container  With  an  Autofrettaged  Liner . 114 

XII  Required  Interferences  for  the  3-Ring  Design . 114 

XIII  Required  Press  Forces  for  Assembly  of  the  3-Ring  Container.  .  .  115 

XIV  Maximum  Operating  Stresses  in  Autofrettaged 

Multi-Ring  Container . 116 

XV  Minimum  Residual  Stresses  in  Autofrettaged 

Multi-Ring  Container.  .  116 

XVI  Results  of  Computer  Calculation  for  First  Pressure 

Cycle  of  Fluid-Supported  Liners . 120 

XVII  Summary  of  Calculated  Stresses  in  Leading  Edge  of 

Die  Design  5  and  Modifications  A,  B,  and  C  for  Large 

Billet/Bore  Diameter  Ratios  .  155 

XVIII  Summary  of  the  Costs  to  Construct  a  Ilydroatatic 
Extrusion  Press  and  a  Dual  Purpose  Press  of 

17,000-Ton  Capacity  .  163 


vtll 


Table 


LIST  OF  TABLES 
(Continued) 


P»&e 


XIX 

Total  Estimated  Coat  for  an  Extrusion  Plant  With 
a  Hydrostatic  Extrusion  Press  or  a  Dual-Purpose 

Extrusion  Press  of  17,000-Ton  Capacity. 

.  .  165 

XX 

Estimated  Operating  Costs  for  Hydrostatic  Extrusion 
and  Conventional  Extrusion  on  the  17,000-Ton 

Dual  Purpose  Press.  . 

.  .  166 

XXI 

Conditions  Used  in  Economic  Comparison  of  Conventional 
and  Hydrostatic  Extrusion  of  AISI-4340  Steels 

.  .  168 

XXII 

Hydrostatic  and  Conventional  Extrusion  Costs  for 

4340  Steel  as  a  Function  of  Die  Life.  .  .  . 

.  .  171 

XXIII 

Conditions  Used  in  Economic  Comparison  of  Conventional 
and  Hydrostatic  Extrusion  of  Aluminum  Alloys. 

.  .  173 

XXIV 

Hydrostatic  and  Conventional  Extrusion  Costs  for  Aluminum 
and  Aluminum  Alloys  as  a  Function  of  Extrusion 

Exit  Speeds  . 

.  .  174 

XXV 

Conditions  Used  in  Economic  Comparison  of  Conventional 
and  Hydrostatic  Extrusion  of  Titanium  Alloys.  . 

.  .  177 

XXVI 

Hydrostatic  and  Conventional  Extrusion  Costa  for 

Titanium  as  a  Function  of  Die  Life.  .  . 

.  .  179 

XXVII 

Hydrostatic  and  Conventional  Extrusion  Costa  for 

Molybdenum  as  a  Function  of  Die  Life.  .  .  . 

.  .  181 

XXVIII 

Selling  Price  of  Commercially  Produced  10-Inch  OD  by 
I/2-Inch-Wall  Tubes  and  the  Manufacturing  Cost  of  a 

Similar  Tube  Produced  by  Hydrostatic  Extrusion 

Techniques . 

.  .  186 

XXIX 

Costs  for  Converting  Various  Materials  to  10-Inch 

OD  X  0.1-Inch  Wall  X  60-Inch  Long  Tubes  by  Shear- 
Formlng  and  by  Hydrostatic  Extrusion.  .  .  . 

.  .  189 

XXX 

Processing  Costs  of  T1-6A1-4V  Titanium  Alloy  Channels 
Produced  by  Hydrostatic  Extrusion  Techniques  and 

Channels  Machined  From  Hot  Extrusions  .  .  . 

.  .  195 

ix 


LIST  OF  ILLUSTRATIONS 


Page 

1  Basic  Hydrostatic  Extrusion  Process  .  10 

2  Schematic  Diagram  of  an  Augmented  Hydrostatic  Extrusion  Design 
Concept  Being  Used  by  Fielding  &  Platt,  Ltd.  and  United 

Kingdom  Atomic  Energy  Authority  (UKAEA)  in  England . 12 

3  Tooling  Design  Concept  for  Hot  Extrusion  Under  Hydrostatic 

Pressure  as  Developed  by  Sauve.  . .  14 

4  Pluid-to-Fluid  Hydrostatic  Extrusion . . 

5  Schematic  of  High-Pressure-Container  Design  Concepts . 19 

6  Container  Design  Concepts  .  .  .  22 

7  Container  Designs  Being  Evaluated  by  Vickers  Ltd  (England) 

and  ASEA  (Sweden) . . . . .  24 

8  Commercial  Bridgman-Birch  Apparatus  ........  .  26 

9  Vickers'  System  for  Support  of  Extrusion  Stems  of  Large 

Length-to-Diameter  Ratio .  28 

10  17,000— Ton  Production  Hydrostatic  Extrusion  Press  .  31 

11  17,000-Ton  Production  Hydrostatic  Extrusion  Press 

Designed  in  Present  Program  .  33 

^  Sections  of  the  17,000-Ton  Hydrostatic  Extrusion  Press 

Designed  in  Present  Program  . .  35 

13  Fluid-to-Air  Extrusion  With  250,000  Psi  Container  .  41 

14  Fluid-to-Air  Extrusion  With  450,000  Psi  Container . 42 

15  Design  Information  on  12-Inch  Bore,  250,000  Psi  Container  .  44 

16  An  Auxiliary  Container  Extension  to  Produce  Long  Extrusions 

Using  Fluid— to-Fluid  Techniques  .  42 

17  Fluid-Injection  Device  and  Ram  Position  During  Fluid- 

Injection  Sequence.' . . . 

18A  Material-Handling  System  -  Billet  and  Die-Loading  Sequence . 62 

IBB  Material-Handling  System  -  Extrusion,  Die,  and  Butt- 

Unloading  Sequence .  g3 

18C  Material-Handling  System  -  Sawing  and  Butt-Die 

Separation  Sequence  .  ^4 

x 


LIST  OF  ILLUSTRATIONS 
(Continued) 

Figure 

I'-age 

19 

Support  Tube  Assembly  for  Loading  Billet  Into  a 

6-Inch  Container  .... 

.  .  66 

20 

Operational  Sequence  for  Fluid-tc-Air  Extrusion  of 
a  12-Inch  Billet  at  250,000  Psi.  . 

.  .  68 

21 

Operational  Sequence  for  Fluid-to-Air  Extrusion  of 
a  6-Inch  Billet  at  450,000  Psi  . 

.  73 

22 

Typical  Arrangement  for  Fluld-to-Air  or  Fluid-to-Fluid 

Extrusion  of  Tubes  From  450,000  Psi  Container 

.  75 

23 

Operational  Sequence  for  Fluid-to-Fluid  Extrusion 
of  a  6-Inch  Billet  From  450.000  to  250.000  Psi 

.  77 

24 

Operational  Sequence  for  Fluid-to-Fluid  Extrusion 
of  a  6-Inch  Billet  From  450,000  to  100.000  Psi  . 

.  81 

25 

Optimum  Hardness  for  Maximum  Fatigue  Strength  of  Several  Steels. 

.  89 

26 

Unnotched  Rotating-Beam  Fatigue  Limit  for  Miscellaneous  Heat- 
Treated  Steels  at  Various  Ultimate  Tensile  Strength  Levels  .  .  . 

.  91 

27 

General  Trends  in  Fatigue  Strength  of  Heat-Treated  Steels 
as  a  Function  of  Ultimate  Tensile  Strength  . 

.  91 

28 

Portions  of  Shear  Stress  Range  Diagrams  for  En  25 

Steel  at  10'  Cycles  ...  . 

.  94 

29 

Tensile  Ultimate  and  Yield  Strength  Versus  Temperature 

For  AISI-4340  Steel  Heated  to  200.000  Psi  .  .  _ 

.  106 

30 

Tensile  Ultimate  Strength  of  AISI-H11  Alloy  Steel 

Versus  Temperature  After  Various  Exposure  Times  . 

.  J  07 

31 

Tensile  Ultimate  and  Yield  Strength  of  18Ni-9Co-5Mo 

Maraging  300  Steel  Versus  Temperature  .  . 

.  108 

32 

Residual  Hoop  Stress  in  an  Autofrettaged  AISI  4340 

Cylinder  With  Strain  Hardening  Effects  .  .  . 

.  Ill 

33 

Residual  Stresses  in  Autofrettaged  AISI-H11  Steel  Liners  .... 

.  113 

34 

Assumed  Pressure  Cycles  on  a  Fluid  Supported  Liner  . 

.  1 19 

35 

Liner  and  Assumed  Discontinuous  Pressure  Loading  on  the  Bore 

.  122 

36 

Calculated  Stresses  for  a  Liner  With  a  Discontinuous 

Pressure  Applied  to  the  Bore  . 

.  123 

xi 


LIST  OF  ILLUSTRATIONS 
(Continued) 

Figure  Page 

37  Hoop  and  Axial  Stresses  in  a  Liner  With  Discontinuous 

Pressure  Applied  to  the  Outside  Surface  .  123 

38  Loading  and  Geometry  of  the  Notched  I.iner .  125 

39  Detail  of  Assumed  Notch  Geometrv  .  125 

40  Calculated  Contours  of  Maximum  Shear  Stress  in  Notched  Liner  .  .  .  126 

41  Multi-Ring  and  Sectored  Container  Design  Conceptr  Analyzed  ....  128 

42  Stem  Buckling  Pressures  Based  on  HuLer  and  Tangent- 

Modulus  Theories . 132 

43  Reduction  In  Load  Capacity  of  Composite  Stem 

Versus  Solid  Stem  of  Core  Material .  1  53 

44  Reduction  in  Buckling  Load  of  Composite  Stem 

Versus  Solid  Stem  of  Core  Material .  135 

45  Increase  in  Load  Capacity  of  Composite  Stem 

Versus  Solid  Stem  of  Core  Material . 136 

46  Increase  in  Buckling  Load  of  Composite  Stem 

Versus  Solid  Stem  of  Sleeve  Material  .  136 

47  Composite  Design  for  the  12-Inch-Diameter  Stem  .  137 

48  Axial  Stress  Rise  on  Stem  Surface  Due  to  Pressure 

Drop  at  Seal  Position  . .  139 

49  Assumed  Conditions  of  Stem  and  Container  Misalignment . 140 

50  Bending  Stress  in  12-Inch  Stem  Due  to  Misalignment 

as  a  Function  of  Axial  Stem  Stress . 140 

51  Assumed  Loading  and  Calculated  Maximum-Shear-Stress 

Contours  for  Analysis  of  a  Stem  Seal . 141 

52  Concentric  Stem  Configuration  Shown  With  Outer  Stem 

Fully  Extended  and  Inner  Stem  Fully  Retracted  .  .....  143 

53  Concentric  Stem  Configuration,  Shown  With  Inner  Stem 

In  Fully  Extended  Position . 143 

54  Die  Design  1  -  Basic  Design  Considered  in  Stress  Analysis  ....  148 

55  Assumed  Loading  of  Die  Design  1  -  During  Hydrostatic  Extrusion  .  .  148 

xii 


LIST  OF  ILLUSTRATIONS 
(Continued) 

Figure 

Page 

56 

Elasti''  Deformation  of  Die  Design  1  During  Hydrostatic 
Extrusion  With  and  Without  Fluid  Support  .  . 

.  .  .  151 

57 

Elastic  Deformation  of  Various  Die  Configurations  During 
Hydrostatic  Extrusion  With  Fluid  Supoort  .  . 

.  .  .  152 

58 

Die  Design  5,  With  Modifications  A,  li,  and  C  .  .  . 

.  .  .  154 

59 

Elastic  Deformation  of  Die  Design  3  During 

Hydrostatic  Extrusion  With  Fluid  SuDport  . 

.  .  .  154 

60 

Maximum  Calculated  Hoop  Stress  in  Ring  Die  Compared 
to  Billet  Yield  Strength  as  a  Function  of  Percent 

Reduction  in  Area  and  Wall  Thickness  . 

.  .  .  158 

61 

Maximum  Calculated  Hoop  Stress  in  Ring  Die  Compared 
to  Fluid  Pressure  as  a  Function  of  Percent 

Reduction  in  Area  and  Wall  Thickness  . 

.  .  .  158 

xlii 


BLANK  PAGE 


DESIGN  OF  A  PRODUCTION 
HYDROSTATIC  EXTRUSION  PRESS 

by 

G.  E.  Meyer,  F.  A.  Simonen,  J.  C.  Gerdeen, 
R.  J.  Fiorenti.no,  and  A.  M.  Sabroff 


INTRODUCTION 


General  Background 


Hydrostatic  extrusion  is  a  method  of  extruding  a  billet  through  a 
die  by  the  action  of  a  pressurized  fluid  rather  than  by  direct  contact  with 
a  ram  as  used  in  conventional  extrusion.  The  pressurized  fluid  completely 
surrounds  the  billet  except  at  the  die  orifice.  The  liquid  between  the  billet 
and  the  extrusion  container  essentially  eliminates  the  billet-container  friction 
and  reduces  the  billet-die  friction,  which  results  in  extrusion  pressures  that 
can  be  significantly  less  than  corresponding  values  obtained  in  conventional 
extrusion.  The  pressurized  fluid  also  permits  the  extrusion  of  very  long  billets 
independent  of  length-to-diameter  (L/D)  ratios  and  permits  extrusion  of  irregu¬ 
larly  shaped  billets.  The  hydrostatic  extrusion  process  was  first  attempted  and 
described  by  Bridgman^*.  The  process  has  been  developed  further  by  various 
investigators  in  the  USSR<2'3'A),  UK(5,6’7',  and  USA<8 ’9 • 10) . 


Hydrostatic  Extrusion  at  Battelle 


Work  on  hydrostatic  extrusion  at  Battelle  was  initiated  in  June,  1961, 
under  Air  Force  Contract  No.  AF  33(600) -43328  ar.d  was  continued  on  Air  Force 
Contract  No.  AF  33(615)-1390  to  ascertain  the  manufacturing  capabilities  of  the 
process.  The  work  on  these  contracts  resulted  in  the  construction  of  hydrostatic- 
extrusion  tooling  that  has  a  chamber  2-3/8  inches  in  diameter  by  20  inches  long 
and  is  capable  of  operating  at  250,000  psi  at  room  temperature  and  at  about  225,000 
psi  at  500  F.  Some  of  the  pertinent  achievements  on  these  programs  were: 

(1)  Extrusion  of  high-strength  materials  such  as  AISX  4340  steel, 
Ti-6A1-4V  titanium  alloy,  and  7075  aluminum  alloys  into  rounds, 
shapes,  and  tubing  at  production  speeds 

(2)  Establishment  of  the  technology  required  for  500  F  hydrostatic 
extrusion 


(3)  Optimization  of  critical  process  variables  to  produce  quality 
extrusions  at  minimum  pressures 


Numbers  in  parenthesis  refer  to  references. 
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(4)  Computer  analysis  of  several  high-pressure-contalner  design 
concepts  based  on  a  fatigue- failure  criterion 

(5)  Refinement  of  an  extrusion-drawing  technique  suitable  for 
production  of  wire  and  shapes 

(6)  Establishment  of  die-design  concepts  that  permitted  the  cold 
extrusion  of  beryllium  at  a  4: 1  extrusion  ratio  without 
cracking  and  without  the  need  for  fluid  counterpressure. 

As  a  result  of  these  and  other  programs  in  the  USA  and  throughout  the  world, 
there  is  a  very  strong  interest  in  the  use  of  the  process  for  production  purposes, 
However,  before  this  can  be  done,  there  are  many  basic  questions  concerning 
tooling  and  the  production  aspects  of  the  process  which  must  be  answered.  Some 


of  these  are: 

(1) 

What  are  the  maximum  pressure  and  temperature  capabilities 
of  the  critical  tooling  com'onents  such  as  the  container, 
stem,  and  die? 

(2) 

What  is  the  maximum  billet  diameter  and  length  that  can 
be  accommodated? 

(3) 

How  many  extrusions  per  hour  can  be  made? 

W 

What  would  the  total  press  cost? 

(5) 

How  do  the  economics  of  the  hydrostatic-extrusion  process 
compare  to  other  processes? 

The  logical  approach  to  find  answers  to  these  and  other  pertinent 
questions  was  to  conduct  a  design  study  of  a  hydrostatic  production  press.  This 
is  the  final  technical  report  on  such  a  design  study. 


Program  Objectives 


The  purpose  of  this  program  was  to  develop  a  design  for  a  production 
ultrahigh-pressure  hydrostatic  extrusion  press.  The  design  was  carried  out  in 
sufficient  detail  to  permit  a  close  estimate  of  the  construction  and  operating 
costs  of  the  press.  This  press  was  designed  to  use  ultrahigh-pressure  extrusion 
containers  with  the  following  design  goals: 

Container  A 

Bore  size:  12- inch  diameter  x  120  inches  long 

Operating  pressure:  250,000  psl 

Operating  temperature:  1000  F  maximum 
Fatigue  life:  10?  cycles 
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Container  B 


Bore  size:  6- inch  diameter  x  36  Inches  long 

Operating  pressure:  450,000  psl 

Operating  temperature:  1000  F  maximum 
Fatigue  life:  10?  cycles 

Consideration  was  given  to  designing  a  single  press  that  will  accomodate  either 
container  Independently  or  both  containers  simultaneously  to  permit  fluid- to-  I 
fluid  extrusion.  I 

The  program  was  divided  into  three  interrelated  phases: 

a)  Phase  I  -  Survey  of  Literature  and  Hlah-Pressure  Facilities 

The  objective  of  this  phase  was  to  determine  and  evaluate  all  the 
design  concepts  which  have  been  or  are  being  considered  for  the  design 
of  a  hydrostatic  extrusion  press.  This  survey  was  inplemented  by  visits 
to  laboratories  and  industrial  organizations  active  in  high-pressure 
research  and  by  a  detailed  review  of  pertinent  literature. 

b)  Phase  II  -  Investigation  and  Analysis  of  Design  Parameters 

In  this  phase,  the  critical  tooling  components  were  analyzed  and  the 
actual  hydrostatic  extrusion  press  and  related  components  were  designed. 

c)  Phase  III  -  Investigation  of  Process  Economics 

The  objective  of  this  phase  was  to  determine  the  probable  process 
economics  of  the  hydrostatic-extrusion  operation  based  on  the  press 
designed  in  Phase  II. 

Bliss-Barogenics ,  Inc.,  of  Mt.  Vernon,  New  York,  participated  in  Phases  II  and 
III  as  a  subcontractor  on  this  program. 
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SUMMARY 


The  objective  of  this  program  was  to  develop  a  design  for  a  produc¬ 
tion  hydrostatic  extrusion  press.  The  press  was  designed  to  use  two 
high-presaure  extrusion  containers.  One  container  would  have  a  bore  dimension 
x  120  inches  long,  capable  of  withstanding  a  fluid  '•ressure  of 
250,000  pel.  The  other  container  would  have  a  bore  6-inch  diameter  x  36  inches 
long  and  would  contain  fluid  at  pressures  up  to  450,000  psi.  A  single  press 
would  be  used  to  accommodate  either  container  or  both  containers  simultaneously 
to  permit  fluid- to- fluid  extrusion.  The  designs  were  carried  out  in 
sufficient  detail  to  permit  a  close  estimate  to  be  made  of  the  construction  and 
operating  costs  of  the  press. 

The  results  of  the  program  are  summarized  briefly  below: 

(1)  A  design  for  a  17,000-ton  production  hydrostatic  extrusion 
press  was  established  and  the  costs  of  construction,  opera¬ 
tion,  and  billet  conversion  were  estimated. 

(2)  Two  high-pressure  hydrostatic  extrusion  containers  were 
designed.  These  containers  are  described  as  follows: 

(a)  12-inch  ID  x  82.7-inch  OD  x  120  inches  long  (multi-ring 
design)  with  e  pressure  capability  of  250,000  psi. 

(b)  6- inch  ID  x  11- 1/2- inch  OD  x  36  inches  long  (fluid- 
support  design)  with  a  pressure  capability  of  450,000 
psi  when  placed  in  the  12- inch  ID  container  and  supported 
with  250,000  psi  fluid  pressure. 

(3)  The  hydrostatic  extrusion  press  would  be  capable  of: 

(a)  fluid-to-air  extrusion  from  either  450,000  psi  or 
250,000  psi. 

(b)  fluid-to-fluid  extrusions  from  pressures  up  to  450,000  psi. 

(c)  combined  extrusion  and  drawing  operations  (HYDRAW) . 

(4)  Dual-ram  press  hydraulics  systems  would  be  used  to  independently 
pressurize  the  support  fluid  and  the  "working"  fluid  for  the 
450,000  psi  container.  The  dual-ram  system  would  also  be  used 

to  control  mandrels  during  tube  extrusion  and,  in  addition,  could 
be  used  to  supplement  or  augment  the  fluid  pressure  on  the  billet. 

(5)  Stress  distributions  resulting  from  seals  located  on  the  bore 
surface  and  on  the  stem  were  calculated.  Both  locations  were 
shown  technically  feasible.  The  seal  location  on  the  bore  was 
generally  preferred  and  was  used  whenever  possible. 
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(6)  A  materials  handling  system  was  devised  which  .could  handle 
up  to  35  billets  per  hour  (each  11- inch  OD  x  96- inches 
long)  for  the  12- inch  ID  container,  or  up  to  47  billets 
per  hour  (each  5- inch  OD  x  24- inches  long)  for  the  6- inch 
ID  container. 

(7)  Detailed  analysis  of  containers  indicated  that  autofrettage 
techniques  offer  the  possibility  of  producing  high-efficiency 
containers  which  would  have  a  wall  ratio  of  4  rather  than  the 
typical  ratio  of  about  7  for  standard  multi-ring  designs  (wall 
ratio  is  defined  as  OD/ID).  Limited  experimental  evidence 
obtained  elsewhere,  however,  suggests  that  autofrettaging  may 
lower  fatigue  life. 

(8)  Die  wall  stresses  were  analyzed  and  found  to  be  quite  high  at 
the  initial  contact  point  of  the  billet.  These  stresses  become 
critical  for  relatively  small-angle  dies  since,  as  the  billet 
diameter  approaches  the  container  diameter,  the  die  wall  at  the 
initial  contact  point  becomes  quite  thin.  Under  these  conditions, 
the  stresses  are  reduced  to  acceptable  levels  when  die  angles  60 
degrees  or  more  are  used. 

(9)  The  17,000-ton  production  press  designed  for  hydrostatic  extrusion 
operations  was  estimated  to  cost  $5,149,000  only.  Installed  in 

a  plant  with  suitable  support  equipment,  the  cost  was  estimated 
to  be  $15,586,000. 

(10)  The  17,000-ton  hydrostatic  extrusion  press  was  also  designed 
for  making  conventional  hot  extrusions  as  well.  Conversion 
from  one  process  to  the  other  is  relatively  single,  indicating 
that  a  press  for  hydrostatic  extrusion  need  not  be  extremely 
specialized. 

(11)  A  dual-purpose  press  capable  of  both  hydrostatic  and  conventional 
extrusions was  estimated  to  cost  $7,062,000.  The  total  cost  for  the 
press  installed  in  a  plant  with  suitable  support  equipment  was 
estimated  at  $20,101,000. 

(12)  Conversion  costs  were  determined  for  hydrostatic  extrusion  and 
conventional  extrusion  and  were  applied  to  particular  materials 
and  shapes. 

(13)  Large-diameter,  thin-wall  seamless  tubes  could  be  made  much 
cheaper  by  hydrostatic  extrusion  than  by  conventional  processing 
techniques.  For  example,  hydrostatic  extrusion  was  found  to  be 
potentially  capable  of  producing  a  tube  for  about  85  percent  less 
than  the  cost  of  shear- forming ,  which  is  currently  the  cheapest 
technique  used  to  make  large-diameter,  thin-wall  seamless  tubes. 
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(15)  Aluminum  alloys  could  be  extruded  faster  with  hydrostatic 
extrusion  techniques  than  with  conventional  techniques  and 
could  result  in  lower  conversion  costs  for  those  materials. 
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SURVEY  OF  FACILITIES  AND  LITERATURE 


M»h  A  SUrV*y  was  made  of  basic  hydrostatic  extrusion  techniques  and 
igh-pressure  tooling  design  concepts  that  could  be  applied  in  thebesian 

£acilit?fUCti°n  h^dyos‘atic  press.  Laboratories  and  high-pressure 

rr?  rl8lte?  ln  Eur°Pe  and  fha  W^ted  States.  The  survey  also 
and  f°r8lne  co^anle*  t0  determine  the  ivail- 
reoJirL  *  ;  ^8  h  materials  for  high-pressure  tooling  in  the  sices 
Sen  bfiow  faClllties  vl8lted  and  the  type,  of  information  obtained  are 


_ _  Facility 

Vickers,  Ltd. 
(England) 


ASIA 

(Sweden) 


Fielding  &  Platt,  Ltd. 
(England) 


Centre  d' Etude  Nucleaires 
de  Sac  lay 
(France) 


United  Kingdom  Atomic 
Energy  Coimission 
(England) 


_ Personnel 

Dr.  John  Crawley 


Mr.  Anders  Sand in 
Dr.  Hans  Lunds trom 


Mr.  R.  H.  Creen 


Mr.  Charles  Sauve 


Mr.  D.  Green 


- Infonnatiop  Obtained 

(1)  Design  concepts  of  proto- 
ype  production  hydro¬ 
static-extrusion  facility 
with  4. 5- inch  bore  con¬ 
tainer  for  operation  at 
450,000  pal 

(1)  Design  of  450,000  psi  con¬ 
tainer  with  3- 1/8- inch 
bore 

(2)  Latest  hydrostatic-extru¬ 
sion  technology  develop¬ 
ments  at  ASEA 

(1)  Design  of  production  units 
of  hydrostatic-extrusion 
tooling  for  operation  at 
110,000  psi 

(1)  Results  of  hot  extrusion 
under  hydrostatic  pressure 

(2)  Evaluation  of  press  de¬ 
signs  for  production 
operations 

(1)  Design  details  cf  production 
hydrostatic  extrusion  press 
being  fabricated  by  Fielding 
&  Platt,  Ltd. 

(2)  Latest  hydrostatic-extru¬ 
sion  technology  develop¬ 
ments  at  UKAEA 
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(England) 
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Association 
(England) 
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1  Laboratory 
(France) 

University  of  Birmingham 
(England) 


Watervliet  Arsenal 
Watervliet ,  New  York 


Manlabs/Phystnet  Inc. 
Cambridge,  Mass. 


Harwood  Engineering 
Walpole,  Mass, 


Ladlsh  Forging  Co. 
Cudahy,  Wisconsin 


Dr.  H.  LI.  D.  Pugh 

(1) 
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Dr.  J.  Parry 

(1) 

Prof.  B.  Crossland 
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Mr.  John  Crowther 

(1) 

Dr.  D.  Francois  (1) 

Mme.  Carpentier 
M.  Schauffelberger  (2) 

Dr.  P.  B.  Mel  lor  (1) 

Dr.  A.  N.  Bramlev 

(2) 

Dr.  B.  Austin  (1) 

Mr.  C.  Nolan  (2) 
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Mr.  J.  Harvey  (1) 

Dr.  A.  Kulin  (2) 

(3) 

Mr.  Ke°l*-r  (1) 

Mr.  D.  Newhall  (2) 

Mr.  F.  Kole  i  (1) 

Mr.  T.  Lilly 

Mr.  W.  Heckel  (2) 


Latest  hydrostatic-extru¬ 
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design  concepts 
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the  process 


Container  design  for  high 
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extrusion  studies 
Papers  on  container  design 
by  Imperial  College 

Container  designs 
Materials  of  construction 
Hydrostatic  extrusion 
techniques 

Container  designs 
Materials  of  construction 
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Hydrostatic  extrusion  tooling 
design 
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Midvale  Heppenstall  Co. 
Philadelphia,  Penn. 

Mr.  H. 
Mr.  M. 
Mr.  J. 
Mr.  W. 

Jackson 

Acker 

Weiger 

McClure 

(1) 

(2) 

Availability  of  large, 
strength  components 
Material  properties 

high- 

Allegheny  Ludlum  Steel 
Corp . 

Mr.  A. 
Mr.  W. 

Booth 

Peterson 

(1) 

Availability  of  large, 
strength  component* 

high- 

Vasco  Steel  Conpany 

Mr.  R. 
Mr.  A. 

Henry 

Bayer 

(1)  Availability  of  large,  high- 
strength  conponenta 

I.atrobe  Steel  Company 

Mr.  B. 
Mr.  J. 

.  _h  .son 

Vieconti 

(1) 

Availability  of  large, 
strength  components 

high- 

Lukens  Steel  Company 

Mr.  J. 

King 

(1) 

Availability  of  large, 
strength  conpcnents 

high- 

Kennametal ,  Inc. 

Mr.  G. 

P.  McCleary 

(1) 

WC  conponents 

General  Electric  Co. 
Carboloy  Division 

* 

Mr.  N. 

V.  Monncelli 

(1) 

WC  components 

Coors  Porcelain  Conpany 

Mr.  W. 

Wood 

(1)  AI2O3  components 

Based  on  this  survey,  the  following  general  analysis  of  basic  concepts 
was  made.  Particular  process  details  (seals,  fluids,  etc.)  uncovered  during  the 
survey  will  be  discussed,  where  appropriate,  in  the  sections  dealing  with  the 
design  of  the  press. 


Hydrostatic  Extrusion  Concepts 


There  are  a  number  of  approaches  to  the  method  of  extrusion  under  hydro¬ 
static  pressure.  Several  of  these  are  described  in  the  following  sections. 


Basic  Hydrostatic  Extrusion  Process 


The  basic  hydrostatic  extrusion  concept  is  illustrated  in  Figure  1. 

This  concept  is  analogous  to  conventional  extrusion  except  that  the  force  of  the 
ram  is  transmitted  entirely  by  the  fluid.  In  the  vertical  position,  gravity 
forces  hold  the  billet  in  place  and  it  is  easy  to  load  the  chamber  with  fluid, 
arge  extrusion  presses,  however,  are  generally  built  to  extrude  in  a  horizontal 
direction.  In  scaling-up  the  hydrostatic  extrusion  process,  consideration  must 
be  given  to  the  special  problems  of  billet  and  fluid  handling  that  are  encountered 
in  horizontal  extrusion. 
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mm 


FIGURE  1 


BASIC  HYDROSTATIC  EXTRUSION  PROCESS 

The  tooling  is  commonly  placed  between  platens 
of  a  press  to  generate  the  fluid  pressure. 


Augmented  Hydrostatic  Extrusion 


.  A  lf,0°'ton,  horizontal,  hydrostatic  extrusion  press  has  been  built 

tL  ieJdin?  and  Platt>  Ltd-.  Gloucester,  England.  In  this  design  a  portion  of 
For  for"  U  transmltted  directly  to  the  end  of  th*  billet  by  the  ram. 

Vionr  ?  18  *;ecbni<Jue  has  been  named  augmented  hydrostatic  extrusion. 

1  thl  ^i.1*ustrate8  baslc  desl8".  As  Ran.  1  congresses  the  fluid  in  Container 
h’  „  luid  pressure  in  Container  2  reaches  an  equal  value.  The  difference 

ro  r  <"  ’o  ,orce  ln  Container  1  and  the  back  pressure  exerted  by  the  fluid  in 
Container  2  is  applied  directly  on  the  end  of  the  billet. 

the  f  r  TheJelatlonahlPs  bec«een  the  tooling  geometry,  fluid  pressure,  and 
the  force  applied  to  the  end  of  the  billet  can  be  expressed: 


P 


b 


where 


l>b  =  pressure  on  the  end  of  the  billet 
Pf  =  fluid  pressure 

Aj  -  Area  of  Container  1  of  bore  diameter,  dj 

A.  =  Area  of  Container  2  or  bore  diameter  d 

’  2 

A3  “  Area  of  the  billet  of  diameter,  d^. 


I" A'!!.1!?1/'136  Where  dl  ’  5  lnchas-  d2  -  inches,  and  d3  >  4-5/8  inches 

11  percent  more  than  the  fluid  pressure, 


-  1  - -  w  1  tuvurs  , 

the  augmented  pressure,  P.  ,  amounts  to 


dfai 


Of  course 


11  r-* ...uit  Lutm  cue  iiuia  pressure, 

the  amount  of  pressure  augmentation  would  increase  as  the  bille 

SO  Ann  /  rvr-  a.*  /  A .  _  a  \  _ _ _  _  _ 


1 — -  nuR.,lc.lLdtiU„  WOUia  increase  as  the  MIL 

to  Pk  vhich^an^e  <A1  '  V  Increased.  However,  the  practical  limit 

to  Pb  which  can  be  applied  above  Pf  is  approximately  equal  to  the  compressive 

th*  billet  *ey„nd  this  limit  the  billetTould  upse 

plastically  within  the  pressurized  fluid.  P 


j 


An  advantage  of  such  a  design  is  that  the  fluid  pressure  required  for  a 
given  extrusion  ratio  is  lower  than  that  required  by  pure  hydrostatic^xtrusion 
M  the  container-design  problems.  The  intermediate  ram  also  keeps  the 

billet  tight  against  the  die  to  seal  the  extrusion  chamber.  The  ram  remains  in 

tro  3the  tt  6  fUietKtir8hOU'  lhC  CXtr"ston  operation,  which  is  .“d  to  con- 
theblllet"  °  and  prevent  both  atick-slip  and  rapid  ejection  of 
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Legend 

Component  Cross  -  Sectional  Area 

Rom  i  A 

Rom  2  A2 

Billet  Aj 
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FIGURE  2.  SCHEMATIC  DIAGRAM  OF  AN  AUGMENTED  HYDROSTATIC 
EXTRUSION  DESIGN  CONCEPT  BEING  USED  BY  FIELDING  & 
PLATT,  LTD.  AND  UNITED  KINGDOM  ATOMIC  ENERGY 
AUTHORITY  (UKAEA)  IN  ENGLAND 


One  major  disadvantage  of  tlic  design  is  that  the  pressure  capability  of 
the  system  is  limited  to  that  of  Ram  2,  which  may  require  multi-ring,  shrunk-fit 
construction  in  order  to  withstand  pressures  much  above  180,000  psi.  In  effect, 
Ram  2  would  be  a  third  container.  This  appears  to  be  an  expensive  penalty  to  pay 
for  the  advantages  offered  by  the  augmentation  feature,  especially  at  higher 
pressures.  ° 


Hot  Extrusion  Under  Hydrostatic  Pressure 


Sauve  at  Services  des  Sciences,  Saclay,  France,  has  designed  hydrostatic 
extrusion  tooling  as  shown  in  Figure  3.  Sauve's  approach  could  be  considered  hot 
extrusion  with  lubrication  under  hydrostatic  pressure.  This  technique  was  developed 
to  insure  pressurized  lubrication  during  extrusion.  The  pressure  medium,  which  Is 
essentially  graphite  plus  oil  with  additives,  is  solid  at  room  temperature  but 
liquifies  immediately  on  contact  with  the  heated  billet  and  container.  Mild  steel, 
stainless  steels,  and  tool  steels  have  been  extruded  at  billet  tetqperatures  of 
1830  F,  2100  F,  and  2190  F,  respectively,  with  ram  speeds  as  low  as  18.8  lnches/mln 
without  lubrication  problems.  A  high-pressure  relief  valve  located  in  Container 
2  would  permit  the  ram  to  remain  in  contact  with  the  billet.  The  design  details 
of  the  relief  valve  are  not  known. 

One  potential  disadvantage  of  this  approach,  compared  to  hydrostatic 
extrusion  at  room  or  warm  temperatures,  is  that  the  die  (and  mandrel)  life  would 
not  be  expected  to  be  much  better  than  that  obtained  in  conventional  hot  extruaion. 


Fluld-to-Fluld  Hydrostatic  Extrusion 


Various  designs  have  been  proposed  and  constructed  that  permit  an  extru¬ 
sion  to  be  made  from  one  high-pressure  chamber  into  another  chamber  at  a  lower 
pressure.  With  these  techniques,  a  metal  can  be  processed  entirely  under  conpresslve 
load,  thus  making  it  theoretically  possible  to  extrude  brittle  materials  without 
fracture.  This  concept,  shown  in  Figure  4,  has  been  used  effectively  by  Pugh^)  , 
Bobrowsky(f°) ,  BeresnevC2) ,  and  others.  The  technique,  however,  has  several 
potential  disadvantages  which  may  limit  its  usefulness  as  a  production  process: 

(1)  The  second  container  is  costly 

(2)  The  length  of  extrusion  is  limited  to  the  length  of  the  second 
container 

(3)  Comparatively,  excessive  time  is  lost  in  detaching  the  second 
chamber,  removing  the  extrusion,  and  again  locking  the  second 
chamber  against  the  first  to  achieve  a  seal 

(4)  A  very  high  pressure  relief  valve,  or  equivalent,  is  needed  for 
the  second  container  so  as  to  keep  the  back  pressure  constant 
as  the  extrusion  exltt,  into  the  pressurized  fluid 
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Container  Z. 


High  -  pressure 
relief  valve — 


Cwlamir  2 


Secli&n 


-Container  I. 


40419 


FIGURE  3.  TOOLING  DESIGN  CONC  EPT  FOR  HOT  EXTRUSION  UNDER 
HYDROSTATIC:  PRESSURE  AS  DEVELOPED  13 Y  SAUVE 


(5)  The  extrusion  pressure  must  always  be  at  a  level  greater  than 
the  normal  "fluid-to-air"  extrusion  pressure  by  the  amount  of 
fluid  back  pressure  that  is  applied. 

if  appears  that  these  problems  can  be  eliminated  entirely  by  the  use  of  special 
fte*deslgn  concepts  developed  recently  at  Battelle(H) .  Battelle  has  shown  that 
with  proper  die  design  such  brittle  materials  as  beryllium  can  be  hydrostatically 
cold  extruded  into  the  atmosphere  (fluid-to-air)  at  a  ratio  of  4:1  without 
cracking.  However,  for  some  special  materials  and  product  shapes,  it  may  still 
be  desirable  to  use  the  principle  of  fluid-to- fluid  extrusion.  Therefore,  con¬ 
sideration  was  given  to  incorporating  this  concept  into  the  design  of  the  produc¬ 
tion  hydrostatic  extrusion  press  evolved  in  this  program. 


Semlcontinuous  Hydrostatic  Extrusion 


In  semlcontinuous  hydrostatic  extrusion,  the  billet  material  is  fed 
through  a  high-pressure  seal  when  the  container  is  at  a  relatively  low  pressure. 
Usually,  enough  material  is  fed  into  the  chamber  to  form  several  coils  if  the 
incoming  stock  is  of  such  diameter  that  it  can  be  coiled.  Then  the  fluid  pres¬ 
sure  is  raised  until  the  material  extrudes.  When  the  stock  in  the  container 
becomes  straight,  there  is  no  driving  force  to  cause  further  extrusion  and 
extrusion  stops.  The  fluid  pressure  is  lowered,  more  stock  is  fed  into  the 
container,  and  the  process  is  repeated.  This  technique  has  been  applied  to 
relatively  soft  wire  by  Lengyel  and  Alexander^ .  Recently,  Slater  and  Green'*  ' 
described  a  modification  of  the  process  by  which  it  was  possible  to  semicontinuously 
'extrude  copper  and  mild  steel  bar  stock  without  bending  the  incoming  stock.  In 
this  case,  the  force  to  extrude  the  bar  stock  is  achieved  by  a  gripping  device  which 
is  moved  forward  and  backward  intermittently  by  fluid  pressure.  This  process  has 
been  applied  at  relatively  low  fluid  pressures,  estimated  to  be  in  the  range  of 
180,000  pal.  While  the  concept  of  semlcontinuous  hydrostatic  extrusion  seems 
attractive  at  first  glance,  especially  from  a  production  viewpoint,  there  appear 
to  be  a  number  of  potential  disadvantages: 

(1)  Because  of  the  gripping  device,  the  process  may  be  limited 
to  handling  round  billet  stock  only,  and  handling  of  shapes 
of  even  moderate  conplexlty  may  not  be  possible. 

(2)  Thus,  the  semlcontinuous  process  would  be  limited  in  general 
to  making  of  rounds  and  simple  shapes,  which  perhaps  could 
be  made  more  economically  by  hot  or  cold  rolling. 

(3)  Intermittent  restarting  of  the  extrusion  will  require  over¬ 
coming  very  high  breakthrough  pressures  each  time,  particularly 
for  materials  difficult  to  lubricate.' 

It  seems,  therefore,  that  the  process  may  be  one  of  fairly  limited  application, 
and  that  the  gripping  device  and  its  controls  are  special  tooling  not  common  to 
that  required  for  hydrostatic  extrusion.  For  these  reasons,  the  semlcontinuous 
method  was  not  considered  in  the  design  of  the  production  hydrostatic  extrusion 
press  for  the  current  study. 
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Container  Design  Concepts 


Limitations  are  imposed  on  the  construction  of  large-bore,  ullrahigh- 
pressure  containers  by  both  material  strength  and  manufacturing  technology. 

The  engineering  materials  generally  used  are  high- alloy  tool  steels  and  carbides. 
Single- component  or  monoblock  containers  are  limited  in  pressure  capability  to  a 
maximum  of  about  200,000  psi.  To  exceed  this  level,  it  is  necessary  to  design  a 
multicomponent  container  with  the  intent  of  producing  a  high  compresive  hoop  pre¬ 
stress  in  the  liner.  Through  this  approach,  it  is  posaible  for  a  given  liner 
material  to  support  a  much  higher  internal  pressure  without  failure  than  would 
be  possible  in  a  monoblock  system.  The  method  of  achieving  the  cou^reasive  hoop 
preatress  Includes  shrink-fitting  several  concentric  rings,  supporting  by  fluid 
pressure  or  wire-wrapping  the  liner  under  high  tension.  The  bore  of  the  liner 
may  also  be  strengthened  by  autofrettage .  The  liner  is  subjected  to  the  full 
bore  pressure  and  is  the  mostly  highly  stressed  component  in  a  container. 


To  design  a  container  system  that  can  withstand  a  target  pressure  of 
450,000  psi,  it  is  necessary  that  the  compressive  hoop  prestress  applied  to  the 
llni!rjbe  ln  thi8  Same  order-  Because  of  its  high  compressive  strength,  tungeten 
carbide  liners  have  been  used  at  pressures  up  to  about  500,000  psi.  However, 
the  cost  of  very  large  liners  of  tungsten  carbide  is  very  high.  Therefore,  for 
large-bore  systems,  it  is  desirable  from  an  economic  standpoint  to  make  the 
linerB  out  of  very-high  strength  steel. 


...  nn  f  achlev®  the  hl»h  compressive  prestresses  required  on  the  liner  bore, 
the  OD  of  the  container  may  very  well  be  on  the  order  of  8  times  the  liner  ID. 

us,  for  liner  bores  of  12  inches,  the  container  OD  may  be  in  the  order  of  8 
fe  •  ,  ®  Problem8  of  manufacture  are  increased  considerably  as  -the  container 

length  increases.  Also,  the  outer  components  can  get  so  massive  that  this  could 
present  serious  problems  in  heat  treatment,  machining,  and,  perhaps,  transporta- 


In  view  of  these  potential  problems,  it  seemed  worthwhile  to  determine 
and  compare  various  container  design  concepts  on  the  basis  of  probable  pressure 
capability,  size  efficiency  (OD/ID  ratio),  ease  of  manufacture,  and  ease  of 
operation. 


Analytical  Study  of  Container  Design 
Concepts  at  Battelle  * . . 


The  purpose  of  this  study  (conducted  under  Contract  No.  AF  33(615)-1390) 
was  to  determine  the  maximum  pressure  capability  of  several  container  design 
concepts  for  potential  use  in  hydrostatic  extrusion  and  forming  processes.  Con¬ 
tainment  of  bore  fluid  pressures  up  to  450,000  psi  at  room  temperature  and  above 
were  considered. 
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were  eKwiJed^1^  concepts 

(1)  Multi-ring 

(2)  Ring-segment 

(3)  Ring- fluid- segment 
(.A)  Pin- segment. 

Figure  5  illustrates  each  container  design  studied. 

have  to  be  Shrink -"fltted^o  InT'™  ^  *"  Flgure  5a’  succesalve  rings 
one  of  the  first  d  ^  ,1V  «n,,re.sive  stresses  in  the  bore.  This  was 

a  single,  one-piece  thicSln^Und^'^The^'r"  6XCeedine  the  caPacity  °* 

Sively  by  Manning^ ,  16,  17) 'J  h“  *5;  The  dealgn  concePt  was  analyzed  exten- 

Machining  the  component  rings  to  close  tMer  * ^  ln  hl»h-Press^e  applications. 
Interference  fits  are  operations  that  he  1  and  assembling  the  rings  with 

diameter,  length,  and  number  of  rijgs  5ncrrLr8re88lVely  diffiCUU  “  the 

Poulter  inT1951i(?8>e8?u?g  container  W*Pb  only  one  outer  rln8  was  patented  by 

ring.  ,s  shown  in  FiguIe  Sb  The  ^dtt  ^  ^  ^  additl°n  °f  a  Sccond 
interference  fit  inirnv.  th  ™  add*tlonal  ring,  which  is  assembled  with  an 

confident  of  Mgh«  oreSsur!B°Ve^nte5flCie2Cy  °f  the  deaig"  and  pe™Us 

CO  redistribute  the  high  unit  ores  *  °u  thlS  deslgn  ls  to  use  the  segments 

the  outer  ring!  n  “  /  *  3t  the  b°re  °Ver  a  larger  surface  «ea  at 

bJ'the^ter'^r'lh'T0'  ^^^“^^y^oop^st'resserih'Jc^musf be° wit^tood 

of  fluid  pressure fto^deve^onthe°ntainer ’  33  iUustrated  1»  Figure  5c,  makes  use 
The  outer  part  of  the  container  isTh^*?  =omp”ssive  Prestresses  in  the  bore, 
can  theoretically  be  varied  with  theVr  ^  °nly  C°  the  fluid  pressure-  which 
an  entire  pressure  cycle  The  Jr  Sin  of  £°  roinlml2e  b°™  'tress  over 

medium  is  not  clear  MannW15?  8  *  T  8  6  Press,jrized  fluid  as  a  support 

Company  in  which  the  pressurizing  £°  3  PUmP  deslgned  by  the  claIk  Brothers 

pressure  while  m  P^asurizing  cylinder  was  surrounded  by  the  fluid  at  delivery 

described  a  «  ..  lucidate  further  on  the  subject.  Pugh  and  Ashcroft 

1962(5)^  c!erL'' 2Pg:i Lrrn1^  and  aPPUe?  “  £°  hydrosta“c  extrusion  in 
and,  independents  TiL  a|  uid-support  multi-ring  container  in  March,  1965, 
Decker  m5  "  ^ceived  a  patent  on  a  very  similar  design  in 

»  .  issner  s  patent  application  date  was  October,  1963. 

design  is  IlL^ot  ^  fl,,%supp°rt  to  ring- fluid- segment  container 

1963  InJi.  ^  clear.  Ballhausen^O)  patented  an  approach  of  this  sort  in 

also"  in  19636r  APairailIr°de0f  WaS  patented  by  Gerard  and  Brayman(2D, 

in  1965.  8lgn  Wlth  additi°nal  features  was  reported  by  Fuchs^22) 
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A  pin-segment  design,  as  represented  in  Figure  5d,  was  proposed  by 
Zeitlin,  Brayman,  and  Boggio'23).  Like  the  ring-segment  container  this  pin- 
segment  design  uses  the  segments  to  reduce  the  pressure  that  must  be  carried 
by  external  supports.  The  pin-segment  design  uses  segmented  discs  rather  than 
segmented  cylinders.  External  support  of  the  segments  { •;  provided  by  shear 
pins  rather  than  by  an  external  ring. 

During  the  operation  of  a  hydrostatic  extrusion  press  the  container- 
bore  pressure  is  cycled  between  a  high  pressure  level  and  zero  pressure  for 
each  extrusion.  This  cyclic  operation  combined  with  the  high-operating- stress 
levels  make  it  likely  that  the  container  will  fail  in  fatigue. 

Thus,  a  fatigue- failure  criterion  was  developed  and  applied  in  this 
analysis  rather  than  the  more  commonly  used  shear- strength  analysis.  The 
analysis  resulted  in  the  following  theoretical  pressure  limits  for  a  life  of 
104  to  10^  cycles: 


Container  Design 
Multi- ring 
Ring- segment 
R  ing- f  lu  i  d- s  e  gme  nt 
Pin- segment 


Maximum  Pressure. 
300,000 
300,000 


1,000,000 

210,000(d) 


(a) 

This  assumed  no  prestress  on  the  liner  bore. 
With  prestress,  the  pressure  capability  should 
be  closer  to  that  for  the  multi-ring  or  ring- 
segment  containers. 


These  predictions  are  based  on  fatigue  criterion  using  materials  with 
ultimate  tensile  strengths  of  300,000  psi  for  the  liner  and  200,000  psi  for  the 
outer  support  components,  and  apply  to  any  operating  temperature  provided  these 
are  the  strengths  at  temperature. 


If  liners  are  used  with  ultimate  tensile  strengths  much  greater  than 
300,000  psi,  the  theoretical  maximum-pressure  capability  of  the  various  designs 
may  be  lnproved  appreciably.  To  fully  utilize  these  higher  strength  liners,  it 
must  be  assumed  that  they  would  exhibit  the  ^ame  fatigue  behavior  as  steels  with 
ultimate  tensile  strengths  of  300,000  psi  and,  further,  that  ductile  outer  rings 
with  strength  levels  greater  than  200,000  psi  would  be  available  in  the  sizes 
required. 


The  theoretical  pressures  for  each  design  have  little  or  no  practical 
meaning  if  the  containers  are  Impossible  to  construct  because  of  their  extreme 
size.  Calculations  were  made  for  each  design  to  determine  the  outside  diameters 
that  would  be  required  to  construct  containers  with  6- inch  and  15- inch  bores. 

The  results  of  the  calculations  are: 


Container 
Multi-ring 
Ring- segment 
Ring- fluid- segment 
Pin- segment 


Outside  Diameter. 


Inch-Bore  Design 
51.0 
60.0 
229.5 
90.4 


15-Inch-Bore  Design 

127.5 
150.0 

573.5 
180.2 


20 


l.ong  integral  cylinders  approaching  50  feet  in  diameter  are  currently 
impossible  to  machine,  heat-treat,  or  transport.  Therefore,  to  cohere  the 
various  designs  on  a  more  uniform  and  meaningful  basis,  an  arbitrary,  but  prac¬ 
tical,  outside-diameter  limit  was  established  at  72  inches.  The  pressure  capability 
of  each  design  based  on  this  OD  limit  and  on  a  104  to  105  cycles  life  are- 


Container 

Bore 

Diameter, 

inches 

Outside 

Diameter, 

inches 

Number  of 
Cougionents , 

N 

Maximum 

Pressure 

P  .  oil 

Multi- ring 

6 

51.0 

5 

300,000 

15 

72.0 

7 

275,000 

Ring- segment 

6 

60.0 

6 

290,000 

15 

72.0 

8 

265,000 

Ring- fluid- segment 

6 

72.0 

10 

286,000 

15 

72.0 

5 

118,000 

Pin- segment 

6 

72.0 

3 

195,000<a> 

15 

(b) 

Pressure  capability  would  be  greater  with  prestress  on  liner. 

Cb) 

Impossible  to  make  for  a  life  of  lO^-lO5  cycles  unless  liner 
is  prestrisssed . 

These  values  were  calculated  for  particular  container  geometries  and/or  support 
pressures  which  were  described  in  detail  in  Reference  (12).  On  the  basis  of 
this  analysis,  it  appears  that  the  multi-ring  concept  may  be  the  most  efficient 
o  the  four  concepts  when  considered  from  the  standpoint  of  pressure  capability 


Control led- Fluid- Fill  Container 


»e™an(24)  proposed  a  controlled- fluid- fill  container  shown  in  Figure  6a. 
Like  the  ring- segment- fluid  container,  this  container  also  uses  the  fluld-pres- 
sure  support  principle.  It  is  assumed  that  each  ring  is  made  of  identically  ductile 
materiai  and  that  a  shear-strength- failure  criterion  applies.  As  the  pressure  in 
the  bore  is  increased,  the  pressure  in  each  support  chamber  is  increased  by  use 
of  independent  pumps.  The  advantage  of  this  design  is  that  when  the  bore  pressure 
Is  zero  there  are  no  residual  stresses  on  the  bore.  Furthermore,  there  are  no 
critical  machining  or  assembling  operations  required.  While  these  are  attractive 
features,  the  prospects  of  supplying  and  controlling  fluid  in  several  annuli  st 
fluctuating  pressures  make  this  design  appear  too  complex  for  a  production  operation. 


Fluid- Support  Multi-ring  Container 


Ttl.  .  .  Gerdee"(1A)  suggested  and  analyzed  a  fluid- support  multi-ring  container, 
nils  design  is  shown  in  Figure  6b.  The  use  of  shrink-fitted  rings  to  provide 
compressive  prestress  reduces  the  sire  and  number  of  support  annuli  required  by 
4  iu’SUpJ>°rt  deslgn  as  described  in  the  previous  section.  Calculations 
indicated  that  the  internal  chamber  could  withstand  450,000  psi  with  250  000  psi 

lsU,tra4*^fre  lnathe  8uPPortin8  flnnuli'  Control  of  the  pressure  in  one  annulus 
straightforward,  especially  when  compared  to  the  prospects  of  controlling 
several  fluctuating  pressures  in  several  annuli  simultaneously,  as  required  in 
the  design  above. 


Meissner  received  a  patent for  the  container  design  shown  in 
figure  6c.  One  ram  pressurizes  both  fluid  chambers.  The  fluid  pressure 
V tteran“al  between  chambers  is  controlled  by  varying  the  physical  dimensions 
ot  each  chamber  or  by  using  two  fluids  having  different  bulk  moduli. 


Composite- Ring  Container 


A  method  of  construction  which  could  be  used  for  manufacturing  very 
ong  ilgh-pressure  cylindrical  containers  was  described  by  Alexander  and  Lengyel^2-5) 
an  Is  shown  In  Figure  6d.  The  inner  liner  would  be  made  of  a  material  with 
high  compressive  strength  and  machined  with  a  1  to  2-degree  taper  on  the  outside 
ameter.  Several  layers  of  high-strength  rings  would  then  be  pressed  into  posi¬ 
tion  in  a  staggered  pattern  as  shown.  Advantages  of  this  design  are  that  it  is 
cheaper  to  produce  a  large  number  of  small,  forged  rings  than  one  large  cylinder, 
and  that  heating  or  cooling  elements  possibly  could  be  embedded  in  the  rings, 
owever  the  assembly  of  such  a  container  still  could  be  quite  difficult.  More- 
over  the  effect  of  the  joints  in  the  support  rings  on  the  pressure  capability 
anc  at  gue  life  of  the  liner  must  be  determined  experimentally  or  analytically 
beiore  a  container  of  this  design  could  be  considered. 


Ring- Sequent  Container 


Vickers  Ltd.  has  developed  the  container  tooling  shown  in  Figure  7 . 
It  is  designed  for  use  up  to  450,000  psi.  A  feature  of  this  design  is  that  pres- 
sure  is  transmitted  from  the  liner  through  pie- shaped,  relatively  thin  segments, 
to  full-length  longitudinal  segments  and  then  to  shrink  rings.  The  liner  will 

fVB  a;  s/' inch  b°re  and  Wil]  be  "Kide  from  t001  steel  heat  treated  to  n.  hardness 
ol  Kcfat-6A.  The  inner  segments  are  made  from  tungsten  carbide,  which  was 
selected  for  this  application  because  of  its  high  compressive  strength  and  elastic 
modulus.  An  assumption  Is  made  In  this  design  that  the  liner  does  not  act  as  a 
structural  member.  The  design  analysis  was  based  on  a  shear- strength  criterion 
A  sub-scale  model  of  this  design  is  in  the  process  of  being  evaluated. 


-  Tungttfc.  corDHM  iagm«nt* 


a.  VicMrt  Ltd  Contain*  Otdgn 


b.  ASEA  Contain*  Dosign 

A-MSCN 


FIGURE  7.  CONTAINER  DESIGNS  BEING  EVALUATED  BY 

VICKERS  LTD  (ENGLAND)  AND  ASEA  (SWEDEN) 


Wire-Wrapped  Multiring  Container 


Sweden ( 27) h  in  *l8UJe  7b  has  been  designed  and  built  by  ASEA, 
inches  rJ  l  pressure.  up  to  450,000  pal.  The  bore  i.  nominally  2.4 

u'  lin*r  and  flrst  ,uPP«>rt  ring  are  constructed  from  high-speed  ateel, 

ma r«5ne  et T^°  '  °f  ^  1116  8eC°"d  8UPP°«  “  -«*• 

Sufffrif  r !' \  he  *"  f  assembly  ia  wrapped  with  high-atrength  wire. 

develop  500  non  n/8S  aPP  ?“  t0  the  Wlre  durln®  the  wraPPln8  operation  to 
thlr^M5^’0?0  P?i  comPr*,slve  pre stress  on  the  liner  bore.  ASEA  has  found 

liner  fs?ideSi8?  **  8atlafactory  for  pressures  up  to  about  300,000  pal  but 
liner  failures  have  been  experienced  at  pressures  near  450,000  pal. 


Bridgman- Birch  Container 


Newhali  *  ai?KKer?2llOWSJthe  BridSman-Blrch  container  design,  described  by 
Newhail  and  Abbot C  )  adapted  to  hydrostatic  extrusion  up  to  450,000  psi  fluid 

increases  "  fluid-to-air  or  fluid-to-fluid.  As  the  fluid  pressure 

:  '  in  tbe  bore-  the  botton>  ranl  f°rces  the  tapered  liner  into  the  support 

mlde  f  T S  CfU8ea  Pro8re8Sive  support  of  the  liner.  The  support  ring  is 
"  °J  a  8*"gle  piece  of  sutofrettaged  high-quality  steel,  likely  of  a  maraging 
variety  This  construction  apparently  results  in  a  good  fatigue  life  since  it  * 

bore^  the  ££  T*™™  ^  °f  ***  ^  **  by  8C°rln8  °f  th*  Uner 

“  18  f™P°rt ant  t0  mention  that  in  this  particular  design  the  force 

than  the  *°  positl°"  tbe  taPered  liner  into  the  support  ring  is  always  greater 
than  the  force  required  to  pressurize  the  liquid.  This  condition  makes  it 
economically  inpractical  to  scale  up  this  concept  to  the  sizes  required  in  this 
study.  For  example,  using  this  concept,  the  press  in  this  design  study  would 
e  a  capacity  of  at  least  30,000  tons  rather  than  the  14,000  tons  calculated 
rrom  simple  pressure-area  relationships. 


Stem  Design  Concepts 


One  of  the  advantages  of  hydrostatic  extrusion  is  that  very  Iona 

•  PVf-rn  A  _  _ . _  *  .  .  .  _  J  ® 


hilh6^  Crh  r*  ®*truded-  bo”ever’  to  extrude  long  billets,  stems  of' unusually 
high  length-to-riiameter  (L/D)  ratios  must  be  used  and  this  could  present  a  stem 

i.r  —  An  anaiySis  0f  the  buckling  problem  will  be  presented  in  s 


buckling  problem 
later  section. 


.  In„^  hydrostatic  extrusion  process  the  stem  does  not  have  to  be  as 

long  as  the  billet.  This  departure  from  conventional  practice  is  caused  by 
the  difference  in  cross-sectional  area  between  the  stem  and  the  billet.  The 
stem  can  be  assumed  to  have  a  cross-sectional  area  Aj  and  the  billet  an  area  A?, 
where  Aj  >  A2.  This  is  the  normal  case  in  hydrostatic  extrusion  since  a  fluid 
has  to  be  present  between  the  billet  and  the  chamber  wall.  When  the  stem  moves 
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Hydraulic  ram  I 
(Pressurize*  the 
extrusion  chombar) 


Taparad  liner 

Extrusion  billet 

Extrusion  die  and  aaal  — 

Low-pressure  contoinar  "" 


Hydraulic  ram  2 
(May  prttauriza  tha 
low- pressure  chombar) 


Hydraulic  ram  3 
(Foret*  tha  linar  into 
tha  support  ring) 


Support  ring 


High-pressure  fluid 
chamber 


Low-pressure  fluid 
chamber  (Optional) 


FIGURE  8.  COMMERCIAL  BRIDGMAN-BIRCH  APPARATUS 


As  shown  the  equipment  could  be  used  for  fluid- 
to-fluid  hydrostatic  extrusion  or  fluid-to-air 
hydrostatic  extrusion. 


a  distance  14,  it  displaces  a  volume  of  liquid  Ailq.  The  billet  must  move  a 
distance  of  L2  to  result  in  an  equal  displacement.  Therefore,  extrusion-stem 
length  as  a  function  of  billet  length  is: 


L 


1 


V4 

*1 


Since  Aj  is  always  greater  than  A2,  Li  will  always  be  less  than  L2.  This 
analysis  neglects  small  changes  in  fluid  volume  due  to  any  pressure  fluctuation 
that  might  occur  during  billet  extrusion. 

Vickers  (29)  has  developed  and  tested  e  model  of  the  stem-support 
system  shown  in  Figure  9.  This  stem  support  system  has  been  described  in 
detail  by  Crawley,  Fennell,  and  Saunders(29) .  The  tie  rods  are  pretensioned 
and  act  to  support  the  main  ram,  which  is  free  to  slide  in  the  conventional 
manner.  The  tie  rods  prevent  primary  buckling  at  stress  levels  considerably 
above  those  predicted  by  Euler  buckling  theory.  A  ram  1-1/4-lnch  in  diameter 
x  60  inches  long  (L/D  -  40)  supported  by  the  three  rams  pretensioned  to  11,000 
psi  was  reported  to  be  able  to  withstand  nearly  2.5  times  the  load  which  caused 
an  identical  unsupported  ram  to  buckle.  This  appears  to  be  a  technically  feasible 
solution  to  the  rtm-buckllng  problem,  but  the  expense  of  incorporating  it  into  a 
press  design  may  or  may  not  be  excessive,  depending  on  the  specific  applications 
of  the  press. 
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Intensifier 

piston 


Ram 

support 

pad 


Section  at  BB 


Section  at  AA 


FIGURE  9.  VICKERS’  SYSTEM  FOR  SUPPORT  OF  EXTRUSION  STEMS 
OF  LARGE  LENGTH- TO-DIAMETER  RATIO 


DESIGN  OF  PRODUCTION 
HYDROSTATIC  EXTRUSION  PRESS 


F*~'  llmlnarv  Considerations 


In  the  design  of  this 
there  are  two  basic  items  that 
program: 


ult rahlgh-pressure  hydrostatic  extrusion  press 
ve’-e  considered  fixed  at  the  beginning  of  the 


(1)  Hydrostatic  extrusion  concept 

(2)  Container  sizes  and  pressure  capacity 

(a)  250,000  psi  -  12-inch  bore  x  120  inches  long 

(b)  450,000  pso  -  6- inch  bore  x  36  inches  long 

^nera^desr6^?  T*  declded  upon  and  the  basic  operational  needs  defined,  the 
general  design  of  the  press  took  shape.  It  remained  then  to  design  the  press 

Sonal  reo’imaterlal%haudlln8  8ySfem’  and  auxiliarV  tooling  to  meet  the  opera¬ 
tional  requirements  of  the  press. 

were  compared  merltf  of  the  varlous  hydrostatic  extrusion  techniques 

were  compared  in  order  to  select  a  concept  for  the  proposed  press.  Among  the 

factors  which  weighed  heavily  in  the  selection  were  flexibility,  diverae  ex¬ 
trusion-product  capability,  potential  product  needs  of  the  Air  Force,  and 
use  thTh  C?8th  aAfter  conaiderin8  the  various  possibilities,  it  was  decided  to 

desian  with  rh  y  °8ta  ,eXtcUSi°n  COnCept  8hown  in  Fi8ure  1-  The  UKAEA 
"  ”|th  th*  au»“ntation  feature  was  considered  to  be  too  limited  in  its 

such ^  "°C  VCry  amenable  to  quick  modification  for  various  product  needs 

.  .  .  s  .u  n®‘  Tbe  CEA  nlethod  by  Sauve  for  hot  extrusion  under  pressurized 

bev^th0"  c°  appeared  sPFcialized  and  did  not  seem  to  offer  many  advantages 

i/usinv  Meh  COnventlo"aI  h0t  extrusion-  I"  addition,  it  posed  the  problem 
of  using  high-pressure  relief  valves  in  the  container. 

n0"  thC  ba?iS  °f  “  Study  °f  contsiner  design  concepts,  multi-ring 
construction  was  selected  from  the  standpoint  of  pressure  capability,  size 

ron^rtnCy;,-r  Ptior  experience,  relative  ease  of  fabrication,  and  cost. 

250  000  h®K  f°rgln8  companies  revealed  that  ring  components  for  the 

230,000  Psi,  12-inch  bore  container  could  be  made  in  the  sizes  and  at  the 
strength  levels  required.  This  was  not  the  case  for  the  450,000  psi,  6-inch 
bo-e  container.  Here,  commercially  available  materials  for  the  outer  support 
rings  could  not  meet  the  strength  requirements.  Therefore,  it  was  necessary  to 
consider  an  alternative  design.  y 

/<;n  non  ?he  rin8"fluid_rin8  container  concept  was  finally  selected  for  the 
450,000  psi  operation  because  it  was  considered  less  complex  and  costly  than 
e  other  designs  thought  to  be  capable  of  withstanding  this  pressure.  Gerdeen 
JpportPto  !  ain0a|  8  uid-9upport  pressure  of  250,000  psi  would  provide  adequate 
Th,  «  t  r  It  c°mponent  llner  subjected  to  450,000  psi  fluid  pressure, 

hus,  it  was  thought  that  the  6-inch  liner  could  reside  inside  the  12-inch  con- 
iner  and  the  annulus  between  them  could  be  pressurized  to  250,000  psi  to 
provide  the  necessary  external  support  to  the  linei . 
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A  dual,  concentric  ram  concept  with  two  independently  controlled 
hydraulic  systems  was  selected  as  the  method  to  control  the  fluid  pressure 
variations  required  by  Lhis  concept,  (For  example,  the  ability  to  increase  and 
decrease  fluid-support  pressure  in  proportion  to  the  bore  pressure  promotes 
better  fatigue  life).  In  addition  to  this  function,  the  dual-ram  system  offers 
the  added  advantages  of  mandrel  manipulation  and  control  during  tube  extrusion 
and  pressure  augmentation  to  the  250,000  psi  container  system. 


Hydrostatic  Extrusion  Press  Description 


The  production  hydrostatic  extrusion  press  designed  in  this  progrijm 
will  be  described  and  features  of  key  components  discussed  in  this  section.  In 
subsequent  sections,  details  will  be  presented  of  the  analyses  of  the  containers, 
stems,  dies,  and  hydraulics. 

The  proposed  hydrostatic  extrusion  press  design  is  of  the  horizontal 
type,  rated  at  17,000  tons,  and  is  generally  similar  in  design  to  a  conventional 
extrusion  press  with  a  mandrel  manipulator.  A  dual-ram  system  is  used  to 
separate  the  available  tonnage  into  6400  tons  for  the  center  ram  and  10,600 
tons  for  the  outer  ram.  Billets  r  e  loaded  from  the  die  end  of  the  press,  a 
technique  commonly  called  muzzle  loading.  The  hydrostatic  extrusion  press  is 
shown  in  a  cut-away  pictorial  view  in  Figure  10  and  in  longitudinal  cross- 
section  assembly  drawing  in  Figure  11.  Additional  design  details  are  shown  in 
various  transverse  cross  sections  in  Figure  12.  The  general  specifications  for 
the  press  and  power  station  are  summarized  on  Tables  I  and  II,  respectively. 
•Corresponding  specifications  for  a  similar  press  capable  of  both  hydrostatic 
and  conventional  extrusion  are  also  shown  on  Table  I  for  comparison.  This 
dual-purpose  press  design  was  developed  from  the  basic  hydrostatic  extrusion 
press  design  and  was  used  in  the  economic  analysis  section  to  determine  com¬ 
parative  conversion  costs  for  conventional  extrusion.  The  dual-purpose  press 
concept  illustrates  that  there  exists  relatively  few  differences  between  a  hydro¬ 
static  extrusion  press  and  a  conventional  extrusion  press,  apart  from  the  basic 
tooling  (i.e.,  the  container,  stem,  and  die).  A  major  different  a  between  the 
two  press  designs  is  in  the  hydraulic  system.  For  the  hydrostatic  extrusion 
press,  a  direct-dr Jv*  oil  hydraulic  system  is  the  cheapest  method,  at  very 
high  ram  speeds,  such  as  720  ipm,  which  are  used  to  conventionally  hot  extrude 
steel  and  titanium,  the  cost  of  a  direct-drive  system  becomes  prohibitive  and 
*  w**-er  hydraulic  system  is  less  costly.  The  specifications  for  a  water  hydraulic 
system  suitable  for  both  presses  ore  shown  on  Table  III, 

TWo  high-pressure  containers  would  be  used  on  this  press  for  hydro¬ 
static  extrusion  of  solids,  tubes,  and  shapes  at  fluid  pressures  of  250,000  psi 
or  450,000  psi.  With  proper  tooling,  the  containers  can  be  arranged  to  make 
fluid-to-f luid  extrusions. 

An  extrusion-drawing  operation  is  possible  by  applying  a  draw  force 
to  the  exiting  extrusion  by  means  of  a  hydraulic  or  chain-drive  system  located 
in  the  run-out  table  area.  This  process,  developed  at  Battelle  and  called  HYDRAW 
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TABLE  I.  GENERAL  SPECIFICATIONS  OF  17,000-TON  HYDROSTATIC  EXTRUSION 
PRESS  AND  A  DUAL-PURPOSE  PRESS  CAPABLE  OF  BOTH  HYDROSTATIC 
AND  CONVENTIONAL  EXTRUSION 


Specification 


Hydrostatic  Du«l-Purpo»e 

Extrusion  Extrusion 

Press  Press 


Capacity,  tons 


Main  cylinder 

17,000 

17,000 

Internal  cylinder 

6,400 

6,400 

Main  cylinder  pullback  (total) 

100 

1,700 

Inner  cylinder  pullback  (total)  ■ 

20 

640 

Container  seal 

50 

1,700 

Container  shift  (stripping) 

75 

2,000 

Gate  lock 

50 

50 

Stroke,  inches 

Main  cylinder 

108 

150 

Inner  cylinder 

84 

80 

Container  length 

120 

72 

Ram  speed 

101  ipm 

720  ipm 

Press  dimensions 

Overall  length 

90'  -  9" 

94’  -  6" 

Overall  width 

16'  -  0" 

16'  -  0" 

Height  above  floor 

15'  -  6" 

15'  -  6" 

Height  below  floor 

8'  -  3" 

8’  -  3" 

Production  capabilities 

Production  rates,  billets/hr 

35 

35 

Maximum  billet  sizes 

6-inch  diameter  liner 

5-inch  dia  x  24  inches 

.  . 

12-inch  diameter  liner 

11-inch  dia  x  96  inches 

_  _ 

20-inch  diameter  liner 

-- 

20-inch 

dia  x  65  inches 

26-inch  diameter  liner 

-- 

26 -inch 

dia  x  65  inches 

32-inch  diameter  liner 

-  . 

32 -inch 

dia  x  65  inches 

35- inch  diameter  liner 

35- inch 

dia  x  65  Inches 

Estimated  total  construction  costs 

$5,149,000 

$7,062,000 

Estimated  Installed  cost 

$5,989,000 

$7,902,000 
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TABLE  II  HYDRAULIC  POWER-STATION  SPECIFICATIONS  FOR  THE  17,000- 
TON  HYDROSTATIC  EXTRUSION  PRESS  WITH  A  DIRECT-DRIVE 
OIL  HYDRAULIC  SYSTEM 


System  pressure 


5000  psi 


Pump  manufacturer.  .  .  .  . 
Pump  listing  . 

Total  delivery  at  5000  psi 


Towler 


.  (22)  Series  "D" 

(1)  Double  Type  "E" 

.  22  x  134  -  2948  gpm  + 
+  50  «  3000  gpm 


Boost  pumps. 


(4)  at  200  hp  each 


Maximum  ram  speed. 


101  ipm 


Motor  listing. 


Total  horsepower 


(11)  800  hp/1200  rpm 
(1)  150  hp/1200  rpm 
(4)  200  hp/3600  rpm 
(1)  15  hp/1200  rpm 

9000  hp 


Estimated  cost 


$1,090,600 


TABLE  III  HYDRAULIC  POWER  STATION  SPECIFICATIONS  FOR  THE  17,000-TON  PRESS 
WITH  A  WATER  HYDRAULIC  SYSTEM 


Item 


Hydrostatic 

Extrusion 

Press 


Dual-Purpose 

Extrusion 

Press 


System  pressure,  psl,  .  . 
Number  of  main  pumps.  .  . 
Total  pump  delivery,  gpm. 

Air  compressor . 

Motor  list . 

Accumulator  bottle 

Total  capacity,  cu.  ft 
Useful  volume,  gallons 

Maximum  ram  speed,  ipm  . 

Maximum  stroke,  inches  .  , 

Estimated  costs . 


4500 


6 


.  6  x  325  « 

-  1950 

.  40hp 

.(6)  1000  hp/ 
1800  rpm 


.  1350 
.  900 

.  100 

.  108 

.$1,646,800 


4500 

8 

8  x  325  - 
-  2600 

25hp 

(8)  1000  hp/ 
1800  rpm 


660 

354 

720 

150 

$1,801,350 
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offers  the  advantage  of  increasing  extrusion  reduction  capability  for  a  given  fluid 
o«  ■"••• md  fi“id  . 

tr*“  -w, .  —  fL, 

The  basic  tooling  (container,  stem,  and  die)  can  attain  all  the  target 
such  s!T?  f°?  bydrostatlc  extrusion  at  1000  F.  Conventional  heating  techniques 

aevlre  p««ur“  Hmir^M  “nd  lnd“Ctl°n  heatlng  Were  conaldered.  Heating  results  in 
Externa?  h.  i-  ’  1  1^“t^ons  011  the  containers  at  temperatures  approaching  1000  F. 

External  heaters  could  be  applied  to  the  outside  diameter  of  the  container  to  heat 

con?aif°rnllr  t0.  aboU|f  500  F-  whlch  would  limit  the  pressure  capability  of  the 
“  ' ir‘  l°  ab°ut  225(000  PS1-  experimental  work  has  demonstrated  tha  h e  ability 

S.SK  SSSLr'S*  at,T  F  18  n0t  eSSential  in  mOSt  Mro.t.2c  exSuSo  y 
later  daL  if  dH^  beaters  can  easily  *  added  to  the  container  at  a 

development  of  a  hioh't  evated- temperature  hydrostatic  extrusion  would  also  require 
and  havTa  long  atrSc'e  8  pressure  seal  that  could  be  easily  replaced 

Iona  Flair l  ?81  exCr“slon  container  measures  12-inch  ID  x  120  inches 

In  this  ttoH  U  11X“atrates  the  U9e  of  this  container  with  a  typical  solid  billet. 
tinJ 8  conF1Eurati°n>  after  the  billet  and  the  die  are  pushed  into  posi- 
f  ttd  centr(r,,^,  applles  a  f0rce  t0  seal  the  blllet  against  the  die  1  the“ 
ft  id  l8.pumped  into  the  chamber.  The  outer  ram  moves  forward,  pressurizes  the 
fluid  and  cause,  the  billet  to  extrude.  The  center  ram  may  eithettjply an  2di- 

Jitt  in  thTr  t  ?  °{  UF  t0  2800  t0nS  °n  the  end  of  the  biUet  Play  no 

billet  .Si.  I  n  et?CPt  t0  maintain  the  fluid  pressure.  The  end  cap,  or 

horleLtst  d’  J“  Pre8S  °nt°  the  blUet  before  loadlng  to  keep  the  billet 

Sed  »d  the  ?LeMrUS  °"-1  *yplcal  SeaXa  shown  °»  13  will  be  des¬ 

cribed  and  the  locations  explained  in  the  section  dealing  with  fluids  and  seals. 

siren  12 -inch  container  can,  of  course,  take  a  wide  range  of  billet 

sizes  below  11-inches  in  diameter.  As  the  diameter  of  the  billet  decreases  the 

theUfl  id  fluld8.incr6aaes  and  a  longer  stem  stroke  is  required  just  to  pressurize 
th!  nW  *iVen  pre88ure  leve1'  ^“8.  the  maximum  billet  length  decreases  a- 

i  ,  5"  *"*U  Sl—te,  billet,.  The  ...  „f 

orxing  fluid  required  for  such  small  billets  will  be  about  three  times  that  re 

29  biUets^^T  8126  ?Ulet  ^  thC  maXin,Um  Production  rate  may  drop  to 
•bout  29  billets  per  hour  unless  additional  pumping  capacity  is  added? 

within  the1??  *50*000  P«l  Hner  measures  6-inch  ID  x  36  inches  long  and  fits 

a  solid  bilUt  ?he°die  an^hif?8?16  X\ sh°WS  this  toolin8  ln  Position  to  extrude 
•re  pushed  into  tht  lfi  ^  biuet  are  loaded  in  the  support  tube  and  all  three 

-  -uTKAt  2. 

b««'  r  z 
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rfcq  aipfl  iie**-5 
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Container  -  12— inch  bore  x  120  Inches  long 
Billet  -  11-inch  diameter  x  96  inches  long 


'fflU'l 
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Container  -  6— Inch  bore  x  36  inches  long 
Billet  -  5-inch  diameter  x  24  inches 


die  as ’fluid  i88pMpedhinto°both  containers  ^  blllet  8ealed  a8»inst  the 

forward  in  a  predetermined  orororHonr  £  ^  °Uter  and  center  r<BM  ”°ve 

£  i^^udT86^ and  the  outer  fX“ 

difference  1ofd20o|'ooOipsi. “P  t0  72‘inChPP  loB«  C°uid 

Purpose  Js^ToLTn  **  dU*1' 

this  press  is  27  months.  estimated  time  required  to  build 

be  -  *“««■ 


Tooling  Designs 


Containers 


fluid  pressures  up8to  2 50, 000 ^ si "is  sh^in^^re"'^^^  j*,*Rtandln* 

be  r^ud^t^thr^uis;  &  zsrt®  V2 


is  most  attractiveUIsetheyi2Vinchbbe  Dlaf*rlals'  ic  aPPears  that  AISI  H-U  steal 

strength,  unifoSty o  r, ope:  t  es Z tluZ  sTtll^  !T  ^  ,t'‘ldp°int  °f 
liner  would  be  heat-treated  n!!.?  *  Se=tions>  and  C08t-  The  12-inch  IB 

Psi  VS.  These  «5,000 

rr^1?-  r  “is  s£l:“F  <"■ ~u 

(banding,  non-uniform  grain  size)  deveionTnrhl  , that  segregation  problems 

diameter  which  would  be  required  to  make  this  liner^  ‘n8°,ts’  (e,8*»  30-inch 
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Ring  Dimensions,  inches 

Manufactured 

Interference 

Ring 

A  B 

c 

D 

inch/ Inch 

1 

12.0  18.669 

12.0 

20.770 

0.00265 

2 

18.620  26.431 

20.715 

28.530 

0.00194 

3 

26.380  33.451 

28.475 

35.500 

0.00213 

4 

33.380  42.289 

35.475 

44.389 

0.00212 

5 

42.200  53.514 

44.295 

55.613 

0.00213 

6 

53.400  67.559 

55.495 

67.634 

-0.0006 

7 

67.600  82.695 

67.695 

82.695 

Ring 

UTS.  psi 

TYS,  psi 

Ma  terial 

Weight 

1 

250,000 

225,000 

H-ll 

5,540 

2 

250,000 

215,000 

H-ll 

9,540 

3 

200,000 

170,000 

4340 

11,430 

4 

200,000 

170,000 

4340 

18,220 

5 

200,000 

170,000 

4340 

29,260 

6 

200,000 

170,000 

4340 

49,960 

7 

175,000 

150,000 

4340 

52.660 

173,610 

♦Subscript  refers  to  the  ring  number 

FIGURE  6.  DESIGN  INFORMATION  ON  12-INCH  BORE,  250,000  PSI  CONTAINER 
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more  than  twice  as  much  as  H-ll  steels.  However,  because  technological  improve- 
®re  continually  being  made,  the  relative  status  of  these  materials  should 
be  evaluated  again  at  the  time  of  container  construction. 

An  alternative  five-ring  container  design  was  evaluated  from  the  view¬ 
point  of  cost.  This  five-ring  container  weighed  nearly  50,000  pounds  more  than 
the  seven-ring  design.  In  this  particular  instance,  the  material  cost  saving  was 
in  excess  of  the  additional  costs  for  machining  and  assembling  involved  in  the 
seven-ring  design.  The  seven-ring  design  also  resulted  in  rings  with  thinner 
certainty  ^  requlred  physlcal  Properties  could  then  be  obtained  with  greater 


A  limitation  on  constructing  containers  of  these  tapered  press-fit 
designs  was  found  to  be  length.  Assembly  forces  were  calculated  to  be  of  the 
order  of  30,000  tons.  The  maximum  daylight  available  in  presses  of  this  rating 
was  found  to  be  about  13  feet.  With  suitable  allowances  for  the  sleeves  to 
p  otrude  before  assembly,  the  maximum  container  length  that  would  be  possible 
.o  assemble  would  be  roughly  12  feet. 

a  t  6*in=h  bore>  450,000  psi  container  would  be  constructed  by  placing 

the  6-inch  liner  within  the  12 -inch  bore  container  and  using  high  pressure  fluid 
o  support  the  liner.  This  liner  would  have  a  wall  ratio  of  about  1.9  with  a 

4JninnnliPP?rC  ^?8fTe  250*000  psi  t0  contain  an  internal  fluid  pressure  of 
450,000  psi.  This  6-inch  liner  would  be  free  to  move  along  the  bore  of  the  12- 
inch  container  as  described  in  the  materials  handling  section.  Wear  pads  could 

£heabore  i/V  ®urface  of  the  liner  to  the  liner  concentric  in 

%el  M  f  \  "  siraPli£ies  the  materials  handling  system  and 

permits  relatively  easy  inspection  of  the  seals  in  the  6-inch  liner. 

the  use  r(aluey?atiV?nc'in::h  container  design,  consideration  was  given  to 

he  use  of  a  6-inch  liner.  105  inches  long.  This  liner  would  eliminate  the  need 

firnn^f  <exccPt  for  f luid-to-f luid  extrusion)  and  would 

hnfetf  i°adin8  of,  Jthe  6’inch  liner-  since  it  could  be  done  much  like  a  12-inch 
billet.  However,  this  approach  is  hampered  by  the  fact  that  the  greater  fluid 
volume  needed  in  this  bore  would  require  a  large  portion  of  the  stem  stroke  just 

stem TTS  45°’000  P8i>  The  6'inch  stem  ^roke  with  the  present 

th!t  la,  1£mited  to  about  35  inches.  This  would  mean,  at  the  present  time, 

hat  while  much  longer  billets  could  be  placed  in  the  6-inch  x  105-inch  long 
liner  the  total  billet  volume  extruded  from  this  liner  would  be  appreciably 

bUlet  volulat  'T  ‘u?  u6‘lnCh  l0"8  Uner-  DeSplte  the  «atriction.  on 

billet  volume,  this  long  ultrahigh  pressure  chamber  concept  may  be  useful  in  the 

re-extrusion  of  long  shapes  at  high  extrusion  ratios. 


For  fluid-to-fluid  extrusion,  several  arrangements  were  considered: 


Primary  System 

Eac  i- 

Pressure  System 

Me  thod 

Pressure, 

psi 

Container 

Bore,  inches 

Pressure, 

psi 

Container 
Bore,  inches 

A 

450,000 

6 

250,000 

12 

B 

450,000 

6 

100,000 

~  2 

C 

250,000 

12 

100,000 

~  2 
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Method  A  is  the  most  compact  system  since  it  uses  only  the  6-inch  and  12-inch 

1<  Jtohd  S,  L!  S  ;  *"S  '"*‘"‘”5  «!>•  U-ind,  bore  oooteloer.  Hooe.er, 

.soof  250  000  pre8ent  press  design  t0  add  auxiliary  containers, 

8  of  250,000  psi  capability,  it  is  estimated  the-  such  containers  could  have 
a  bore  diameter  up  to  about  2  inches  and  an  overall  wall  ratio  of  about  7 


,  .  ?"  Methods  B  and  C,  the  back  pressure  would  be  provided  by  a  separate 

hydraulic  system  independent  of  10,600  and  6400-ton  rams,  it  is  visualized 

oha  bo“uropoac  olntr:ifler  Byatem  couid  be  used  to  devei°p a  back  ?«.««  UP 

A  scheme  for’c^nectinv  m°"°block  construction  of  the  auxiliary  containers, 

cheme  for  connecting  such  auxiliary  containers  to  the  250,000  psi,  12-inch 

v"l  J*  shown  in  Flgur*  16-  U  8hould  be  motioned  that  the  rather 

uthy  t  hf«h'PreSSU«  P^P-intensifier  systems  means  that  rela- 

each  extrufioJ  Thul  th  ?U  i  ”ay  be  required  Just  to  reach  pressure  for 
be  red^Id .  J *  nUmber  °f  “trusions  produced  per  hour  would 
to  d  Con8iderably;  For  this  reason,  it  is  felt  that  the  cost  of  a  fluld- 

verv  c  Pr:t  0Y  thlS  tFPe  C°Uld  °nly  be  Justified  on  a  17,000  ton  press  for 

pISiCTi™  “if  i  ll!!  p  ts  could  not  be  produced  by  other  1683  ex- 


S  terns 


8ever  type8  °f  StemB  that  could  be  U8ed  ln  the  proposed  press 
^  ,the  °perftlon-  F°r  the  250>000  P«i.  12-inch  bore  container,  a  solid 

«  di  !  ,  l0"8)  «°nld  have  an  L/D  -  9.  According  to  the  stress  analysis  to 

nsi  A  sort  *  er{jtuiS  Stjm  8hould  not  bucfele  at  stresses  up  to  about  300,000 

psi.  A  spring  would  be  used  to  keep  the  billet  against  the  die  during  fluid  fill. 

ram  t"g  alternative  to  this  design  is  to  have  a  dual,  concentric 

am  system  in  which  the  center  ram  bears  directly  on  the  billet-end  while  the 

Pre88“rlz*8  bbe  fluid‘  Th*  main  potential  advantage  of  this  arrange¬ 
ment  is  to  supply  an  additional  force  to  the  billet  beyond  that  exerted  by  the 
fluid  pressure.  If  the  center  ram  is  7  inches  in  diameter,  for  example  the  stem 
«r>enonre  t*  Ca"  exert  on  a  7'inch  diameter  billet  is  about  330,000  psi.’  This  is 
the  h?n!r  °/i  1  Per'enf  8r®ater  than  the  250,000  psi  maximum  fluid  pressure.  As 
dlamat«  fa  increased  beyond  7-Inches,  the  augmentation  pressure  would 
decrease  proportionately  at  the  die.  Thus,  for  an  11-inch  diameter  billet  the 

at  the  die6ofU33  onn  ^  ^  7'lncb  ram  would  result  i"  an  extra  billet  pressure 
ro„  h  di  a  f  33>000  psi’  or  roughly  13  percent  augmentation.  This  feature,  which 
th?t  thH  wadrntf?e  f°r  certain  applications,  is  a  consequence  of  the  fact 
that  the  inner  hydraulic  system  is  designed  to  supply  6400  tons  force  on  a  6- inch 

urto°28oS  r  th\45°>000  p8i  fluid  P“—  f°r  the"  6-inch  bore  container  £us 

ter  is  held  at86einchef0rCH  aVailable  f°r  augmentation,  if  the  center  ram  diame- 
«ro  ..  rb  ,  lnches-  however,  the  amount  of  augmentation  force  decreases  to 
zero  as  the  center  ram  diameter  is  increased  to  about  8  inches.  This  is  because 
when  the  total  6400  tons  is  applied  on  an  8-inch  ram,  the  maxil.um  pressure  which 
can  be  exerted  by  the  ram  is  only  250,000  psi;  this  is  the  same  as  the  m^imum 
fluid  pressure  that  can  be  developed  in  the  12-inch  bore  container  and,  thus,  no 
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AH  AUXILIARY  CONTAINER  EXTENSION  TO  PRODUCE  LONG  EXTRUSIONS 
USING  FLUID- TO- FLUID  TECHNIQUES 


augmentation  18  «ch*«''ed.  As  mentioned  earlier,  a  7-lmh  center  ram  would  be 
stressed  under  the  full  6400-ton  load  to  about  330,000  si.  This  stress  level 
could  be  withstood  by  a  conventional  tool  steel.  The.  ^tically,  an  augmenta- 
rjrnnreiT<e  °f.f°-00°  PSl  W°Uld  bp  possible  with  a  b-lnch  diameter  center 
carbide*  d^^r  billet,  and  if  the  center  ram  were  made  of  tungsten 

For  extrusion  of  tubing  from  the  12- Inch  bore  container,  one  possible 
arrangement  is  to  use  dual  concentric  rams  and  attach  the  mandrel  to  the  center 
ram  for  manipulation,  in  this  way,  the  mandrel  can  be  held  fixed  relative  to 

!b«  It  ram  Pressurlzes  the  fluid.  Calculations  indicate  that 

;“b* 1°-1/2-lnches  ID  can  be  extruded.  This  merely  requires  a  10-1/2- 
i  ch  diameter  mandrel  attached  to  the  center  ram,  which  can  be  of  the  same 
diameter.  Th#  hollow  outer  ram,  12-inches  OD  x  10-l/2inches  ID,  would  have 
adequate  buckling  resistance  because  the  load  imposed  on  it,  even  at  250,000  psi 
£  prTUr!'  r'latlveiy  l<~  (about  3300  tons)  over  the  small  annular  space. 

"landrels  could  b<!  attached  to  the  10-1/2-inch  center  ram,  pro¬ 
vided  that  the  volume  of  the  tube  blank  plus  the  volume  displaced  due  to  fluid 
compression  is  smaller  than  the  valume  displaced  by  the  outer  ram.  Alternately, 
it  ia  possible  to  use  smaller  diameter  center  rams  for  smaller  mandrels  should  it 
b€  more  advantageous  to  do  so. 

in  -  l^!r8^m*?rran8!TOnt  f?r  the  450’000  psl  syste,n  is  sb°“"  in  Figure  52  end  53 
later  section.  A  material  such  as  tungsten  carbide  is  required  for  the 

unntor5MennnlnC?  T,?th?r  C°nBlercial  ^terials  available  can  withstand  stresses 
.Lmh  !  ’  psi  (allowing  for  stem  seel  friction).  The  outer  ram  is  only  long 
IlthoL  bhe  8upp0rt  fluid  s°  SB  to  minimize  the  carbide  stem  length, 

thus  the  I/D  th*  6'lnCh  dlameter  Portion  of  the  stem  is  60  inches  (and 

tb*  ,10)*  the  unsupported  length  is  on.y  35  inches  with  an  L/D  -  5.8. 

Thus,  buckling  is  not  anticipated  to  be  a  problem,  provided  that  the  outer  ram 

offers  adequate  external  support  and  the  assumptions  made  on  material  behavior 

■re  vend. 


Althou«h  not  a  stem  in  the  usual  sense,  the  6-inch  diameter  x  73-inch  long 
,  P["  tubp  U8ed  t0  ^port  the  die  during  extrusion  from  450,000  psi  is 

tuh!  ?!  w  If  6  extrusion  “tern.  This  higher  stress  occurs  because  the 

a.mL;!  ?  K  w  *“?  aLlower  croi!s  sectional  area  than  the  stem.  When  this 
support  tube  has  a  3-inch  ID  hole,  the  tube  length  of  73  inches  is  less  than  the 
critical  unsupported  buckling  length  for  500,000  psi. 


Plea 


Dies  of  two  general  external  forms  would  be  used  on  this  press  One  tVDical 
™  n  UB6d  ln  the  12'inch  Uner  at  pressure  up  to  250,000  psi  Is 

dlff!™,,^?!  yhe  8*cond  dle  geometry,  which  is  for  the  450,000  psi  system, 

r?  sjfghtly  to  simplify  materials  handling  in  the  6-inch  liner.  This  die 
configuration  is  shown  in  Figure  14. 

Stress  analysis  has  shown  that  the  maximum  diameter  billet  which  can  be 
extruded  from  either  the  6-  or  12-inch  bore  containers  depends  on  the  potential 
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problem  of  die  failure  due  to  high  hoop  tensile  stresses  developed  in  the  thin 
leading  edge  of  the  die  during  extrusion.  These  stresses  can  be  reduced  to  a 

For  rhe^n'nnn  ^ in^ef si"«  tbe  dia  »«Bl«  In  order  to  thicken  the  leading  edge. 
For  the  250,000  psi,  12-inch  container,  an  ll-inch  diameter  billet  can  be  ex¬ 
truded  without  die  failure,  provided  that  the  die  angle  is  somewhat  greater  than 
60  degrees.  This  analysis  was  based  on  using  M-50  tool  steel  as  the  die  material. 
For  the  450,000  psi  operation,  tungsten  carbide  dies  are  required.  Calculation 
of  tensile  hoop  stresses  indicate  that  billets  up  to  5  inches  in  diameter  can  be 
extruded  through  60-degree  entry  dies  without  die  failure. 


Analysis  oi  the  die  stresses  also  indicated  that  the  fluid  seals  should 
be  positioned  at  a  point  opposite  the  die  land,  to  balance  the  stresses  on  the 
die  wall  exerted  by  the  billet  and  the  fluid  support  pressure.  This  design  would 
help  to  prevent  die  failures. 


Fluids  and  Seals 


,,  ,  .  .  Castor  oil  would  be  used  as  the  hydrostatic  fluid  in  this  press.  This 

fluid  has  good  stability,  tends  to  assist  lubrication  for  a  wide  range  of  materials, 
and  has  amply  demonstrated  consistent  behavior  in  many  experimental  programs. 

W  th  Mditives  or  thinnera,  castor  oil  has  been  successfully  used  at  pressures  up 
to  about  350,000  psi.  It  was  assumed  at  pressures  of  450,000  psi  that  the  caator 
oil  with  additives  would  be  able  to  transmit  pressure  hydrostatically  reasonably 
:ubU^,th  !  req“lres  experimental  verification.  Pentane,  i-alcohol,  n-alcohol 
an.  ~. like  have  been  UBed  by  Bridgman  and  others  for  pressures  up  to  450,000 

psi.  These  fluids  may  boil  at  temperatures  near  150  F  and  could  cause  a  aerious 
I17'  “d  health  hazard  on  a  production  press  in  the  volumes  required  in  this  etudy. 
If  the  proposed  press  were  to  be  used  exclusively  at  pressures  of  250,000  pal  or 
less,  water  with  additives  should  be  considered  because  of  its  relatively  low 
cost.  7 


-ast?r  oil,'fould  be  fed  into  a  prefill  tank  to  a  predetermined  level  and 
injects  into  the  working  chamber  through  the  fluid-injection  device  illustrated  in 
A  8lfghtJy  ne8atlve  pressure  is  applied  to  the  chamber  throu  the  top 
orifice  before  the  fluid  is  injected.  The  castor  oil  is  then  injected  into  the 
chamber  at  speeds  up  to  20  gps  and  at  a  pressure  of  80  psi.  The  orifices  are 
designed  to  minimize  turbulent  fluid  flow.  Tire  slight  negative  pressure  at  the 
top  of  the  feed  device  bleeds  the  chamber  and  minimizes  entrapped  air.  Entrapped 
a,r  *  f*  18  n0t  Particularly  harmful  to  the  extrusion  operation,  but  because 
of  the  high  compressibility  of  the  air  compared  to  castor  oil,  an  additional 
amount  of  ram  stroke  would  be  needed  to  compress  the  air  before  the  caator  oil  is 
compressed  and  the  maximum  billet  length  would  be  shortened. 

After  extrusion,  some  castor  oil  could  be  withdrawn  from  the  container 
through  the  bottom  of  the  fluid-injection  device.  To  minimize  the  time  cycles 
not  all  of  the  caator  oil  would  be  withdrawn  and  provisions  would  be  made  to 
catch  and  recycle  the  remaining  fluid  at  the  die  end  of  the  press. 

The  seals  to  be  used  in  this  design  are  basically  an  0-ring  plus  a 
miter  ring,  which  are  commonly  used  in  high-pressure  fluid  systems.  The  seals  are 
either  fixed  in  the  container  wall  or  are  attached  to  the  stem.  Figures  13  and 
14  illustrate  che  seal  locations  and  details  of  typical  designs. 


49 


FLUID-INJECTION  DEVICE  AND  RAM  POSITION  DURING  FLUID-INJECTION  SEQUENCE 


been  made  with  the  seal  locatedLLe  *fC*r  the  flrst  one  or  two  extrusions  have 
required .  The  O-rln  c.n  b,  e  il  /  "tiIn*r  "a11*  th«  <>-rin«  is  no  longer 
fitting  to  the  ram  and  container  it  should^*  ^  '"lter'rIn8  ^cornea  very  close 
Information  on  high-pressure  seal  llfa  h  “  V  n°ted  Chat  there  is  no  available 
this  reason,  the  Lais  have  been 1  L  '  0"  perhaPs  100  t0  200  cycle..  For 
nave  been  located  for  easy  maintenance  and  replacement. 

because  for'eiery ^r^LL^L^^'er*81,!  f*VOrS  l0nger  contalner  life 
When  the  seal  Is  placed  on  the  ram  Lever  »  °"e  CyCl*  °f  8traM- 

pressure  moves  along  the  liner  for  the  hi  e’  8t*e  8  gradient  from  zero  to  full 
of  the  ram  stroke,  certain Trees  are  Lied""  an  ^  tha  *"d 

the  ram  retracts.  A  further  advantage  of  tlil.V  i  f  0M  CyCle  °f  atr*as  •• 
die  construction,  since  the  die  can  have  a  uni  form  ou  t^d  a,  **  ^  U 
do  not  have  to  be  removed  with  the  die  each  °Ut8lde  diameter  and  the  seals 

dot  “  ■  •"«  •  »■>,  •■*««>  i"  th.  u~r* 

ever  possible.  The  seals  could  not  be  located^  eK**1  locatIon  was  ua«d  when- 
12-inch  outer  ram  of  the  dual-r«m  .  .  ,'d  in  the  cont*iner  wall  to  aeal  the 

fluid  would  collapse  the  outside  tm  oTt’o  the 'LL”18  7“  hlgh  pre8aur* 
discussed  further  in  the  serMnn  ^  *.  inch  center  ram.  This  point  Is 

centric  stems.  8*CtI°n  °"  8tera  a"alya‘a.  under  the  subsection  on  co“ 
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Press  Description 


gate- lock 
The  die  a 
platen  at 
press  for 
Materials 


In  general,  the  press  design  is  of  the  longitudinal,  die-slide, 
type  similar  to  the  traditional  conventional  hot  extrusion  press, 
rrangement  and  extruded  product  are  run  out  through  the  reaction 
the  conclusion  of  each  stroke.  The  specific  movements  of  the 
each  type  of  extrusion  operation  are  described  in  the  section  on 
Handling  System  and  Press  Operating  Sequences. 


Structure  of  the  Press 


The  main  frame,  main  platen,  and  tie  bar  assembly  are  composed  of 
a  Barogenics-patented  link-pin  and  rectangular  plate  element  construction 
which  is  believed  to  be  a  substantial  advance  in  heavy  press  frames.  The  use 
of  this  design  provides  for  considerable  economy  in  achieving  accurate  align¬ 
ment  of  the  structure  in  the  shop  as  well  as  maintenance  of  this  alignment 
during  assembly.  This  design  has  been  estimated  to  be  about  20  percent  cheaper 
than  standard  press  frame  construction. 

_  71,6  “aln  frane  consl8t#  of  tw°  ri"8*  of  double  tie-bar  construction. 

The  100-percent  fill  factor  design  provides  for  maximum  economy  of  the  frame 
plate  structure.  A  100-percent  fill  factor,  in  effect,  means  that  the  space 
between  interlocking  plates  is  full  utilized. 

The  pins  are  of  a  Barogenies-patented  thin-vall,  split  sleeve, 
tapered  ID  design,  and  provide  full  bearing  load  transmittal  through  the 
accurately  bored  pin  holes  in  the  tie  bars  and  the  frame  plates.  The  use  of 
rolled  steel  plates,  rather  than  castings  with  their  inherent  defects  or  round 
tie  bars  with  highly  stressed  threads  and  nuts,  provides  a  substantial  safety 
factor  for  the  life  of  the  main  frame. 


The  platens  are  fabricated  of  heavy  welded  plate  to  transfer  the  end 
loading  of  the  cylinders  and/or  dies  into  the  frame  plates  of  the  main-ring 
frame. 


Cylinders  end  Rams 


The  main  cylinders,  98- inch  bore  for  the  17,000-ton  cylinder  and 
58-inch  bore  for  the  6400-ton  cylinder,  are  constructed  of  hollow  ring  forgings. 
The  98- inch  ID  cylinder  is  of  an  open  en<  design  and  sealed  at  the  reaction  end 
by  means  of  a  Barogenics-patented  non-preloaded  seal  assembly.  Long- length 
bearing  bushings  are  used  together  with  automatic  chevron-type  packings  to  provide 
accurate  ram  guidance  and  sealing  at  the  open  end  of  the  cylinder.  The  main  ram 
is  a  hollow  forging  with  a  plug  welded  on  to  close  the  rear  end. 
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Fastened  to  the  Internal  ram  Is  the  6400-ton,  center-ram  cylinder, 
which  Is  constructed  in  the  same  manner  as  the  main  ram.  A  mandrel  forging  Is 
welded  with  .*  heavy  plug  to  form  the  closed  end  of  the  cylinder.  Since  the 
cylinder  must  react  through  the  front  flange,  a  heavy  flange  is  provided  to 
prevent  bell southing  of  the  cylinder  end  and  minimize  the  bending  stress  by 
means  of  the  properly  designed  tapered  transition  area. 

The  lower  tonnage  pullback  cylinders  for  the  main  ram,  Inner  ram, 
container,  gate  lock,  etc.,  are  of  forged  construction. 


Slip  Cylinders 


The  conventional  arrangements  of  supplying  high  pressure  fluid  to 
moving  cylinders  Is  through  the  cumbersome  method  known  as  "walking  pipes" . 

The  slip  cylinders"  method  to  provide  high  pressure  connections  to  moving 
platens  Is  a  proven  design  and  does  not  have  construction  and  operating  hazards 
posed  by  the  older  design. 


Press  Supports 


The  conventionally-accepted  old  design  of  a  single  massive  heavy 
welded  frame  securely  bolted  to  the  concrete  foundation  la  net  only  a  substan¬ 
tial  waste  of  money,  but  usually  Interferes  with  keeping  the  press  in  proper 
alignment.  A  heavy  steel  frame,  even  though  accurately  aligned  at  the  onset  of 
operation  of  a  press,  will  follow  the  deflection  of  the  foundation  since  the 
rigidity  of  the  steel  frame  is  much  less  than  that  of  the  entire  foundation  to 
which  It  is  bolted. 

A  solution  as  proposed  by  Barogenlcs  is  to  provide  individual  supports 
under  the  major  elements  of  the  press.  Each  support  is  easily  adjustable  and 
enables  the  press  to  be  in  proper  alignment,  notwithstanding  local  deflections 
of  the  foundation. 


Alignment  of  the  Press  Elements 


The  moving  crossheads  of  the  press  slide  on  ways  which  are  radially 
arranged  with  respect  to  the  centerline  of  the  press.  A  bottom-guide  assembly, 
which  is  set  parallel  to  the  axis  of  the  press,  is  on  a  circle  together  with 
guides  so  that  alignment  of  this  bottom  center  guide  rotates  the  particular 
crosshead.  The  bottom  guide  and  the  slide  ways  are  equidistant  from  the  center 
of  the  press  so  that  these  three  points  form  a  circumscribing  circle  around  the 
press  centerline,  thus  ranking  for  easy  alignment.  This  construction  la  self- 
explanatory  on  cross  section  drawings  shown  In  Figure  12,  Sections  C-C  and  D-D. 

The  adjustment  at  the  moving-ways  proper  are  again  designed  to 
maintain  the  inf'  rlty  of  alignment  since  the  faces  of  the  adjusting  blocks  are 
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radial  to  the  center  oi  the  press.  The  alignment  of  the  heavy  fixed  platen  is 
also  shown  in  Figure  12,  Sections  H-B  and  F-F.  Heavy  screws  move  and  lock 
tapered  wedges  to  shift  the  heavy  platen  up,  down,  sideways  and  axially  as 
required . 


Container  and  Container  Housing 


The  container  housing  is  a  half  circle  arrangement  with  simple  tie 
down  straps  to  enable  the  container  to  be  replaced  by  a  straight  lift  between 
the  two-ring  tie  bar  frame.  The  shorter  container  for  conventional  hot 
extrusion  would  be  arranged  in  an  adaptor  on  the  front  end  of  the  container 
housing. 


Gate  Lock  Arrangement 


The  design  of  the  gate  lock  movement  and  guide  is  clearly  shown  in 
Figure  12,  Section  F-F.  A  heavy  frame  is  bolted  onto  the  front  face  of  the 
main  reaction  platen.  The  horseshoe-shaped,  die-lock  pieces  arc  moved  in 
heavlly-gibbed  slides  by  the  gate-lock  cylinders.  The  entire  window  frame 
of  the  slide  arrangement  can  be  easily  adjusted  by  the  captive  jack  screws 
arranged  in  the  horizontal  and  vertical  plane. 


Runout  Table 


The  runout  table  la  chain  driven  and  carries  a  ISO  hp  saw  as  well  as 
a  pulling  arrangement.  It  also  contains  a  lift-out  mechanism  to  transfer  the 
extrusion  to  the  finishing  table.  The  hydraulic  pusher  would  be  rated  at  15 
tons  for  materials  handling  purposes.  For  the  HYDRAW  operation,  the  capacity 
of  this  cylinder  would  be  increased  to  about  300  tons. 


Billet,  Dummy  Block. and  Die  Handling  Arrangements 


The  entire  process  of  billet  handling,  die  handling,  and  extrusion 
handling  is  completely  automated  by  guides  and  conveyor.  Suitable  interlocks 
are  provided  in  the  control  panel  so  that  the  selection  of  a  particular 
extrusion  cycle  provides  for  proper  cycling  of  the  transfer  mechanism  handling, 
the  billet,  die,  extrusion,  and  butt. 


Saw 


The  saw  is  driven  by  a  150  hp  dc  motor  with  an  abrasive  cut-off  disc 
suitable  for  use  with  a  refractory  metal  stock.  The  stroking  and  cut-off  cycle 
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arc*  integrated  through  the  automatic  sequencing  of  the  entire  press.  An  auto¬ 
matic  guard  arrangement  envelops  the  saw  Made  during  operation  so  that  the 
chips  of  the  cut-off  do  not  contaminate  the  hydrostatic  fluid  system. 


Hydraulic  Systems  Dtvsi^n 


Both  types  ol  power  stations  proposed  in  this  study  arc  used  convert-* 
tlonally  to  power  large  hydraulic  presses.  The  accuracy  of  control  of  each 
installation  is  comparable,  both  In  the  directly-driven,  ol 1-hydraullc  instal- 
lation and  in  the  water-hydraulic,  accumulator  station.  A  cost  analysis  showed 
that,  for  the  hydrostatic-extrusion  applications  and  for  the  s lower- speed 
conventional  hot-extrusion  press,  the  9000  hp  direct-drive  oil-hydraulic 
installation  is  more  economical  than  the  t.OOO  or  8000  hp  watt  r-hydraul  ic 
accumulator  station.  In  general,  this  lower  cost  is  due  to  the  higher  rota¬ 
tional  speed  of  oil  pumps  and  simpler  pump  construction  which  eliminates  the 
need  of  separately  packed  plungers.  In  addition,  the  investment  cost  of  energy 
storage  as  typified  by  the  large  accumulator  bottles  In  a  water-hydraulic 
system  is  quite  substantial. 

If  the  press  must  operate  at  rapid  speeds,  say  720  Lpm  tor  the 
conventional  hot  extrusion  of  refractory  alloys,  then  the  instant  demand  ol 
the  system  is  well  over  three  times  the  horsepower  previously  proposed.  In 
this  case,  a  water-hydraulic  accumulator  station  is  required  from  the  standpoint 
of  both  the  installed  horse-power  and  the  valving  and  pipe  systems  for  a  less 
viscous  fluid.  Pipe  and  valve  speeds  used  with  water  as  the  operating  fluid 
are  three  or  four  times  the  allowable  speed  lor  oil  valves  and  piping. 

The  use  of  the  terms  water  am!  oil  should  be  qualified  as  follows: 
water  used  as  the  operating  fluid  contains  approximately  l  to  2  percent  of 
hydraulic  additive  to  improve  the  lubricity  of  the  fluid  and  help  reduce  oxida¬ 
tion  and  consequently  rusting  of  internal  parts.  hi  addition,  careful  control 
mist  be  maintained  of  the  Ph  level  to  preclude  electrolytic  corrosion.  These 
items,  of  course,  are  a  proper  function  of  the  engineering  to  be  performed  if 
and  when  the  entire  installath  is  constructed. 

Because  ofthe  large  volume  of  fluid  contained  In  this  system,  it  would 
be  well  to  specify  synthetic,  fire-resistant  fluids  to  reduce  the  danger  of 
fire  which  is  always  present  when  a  conventional  mineral  hydraulic  oil  is 
specified  for  a  high-pressure  system.  There  are  many  different  grades  of 
synthetic  and  so-called  fire-resistant  fluids.  A  proper  evaluation  will  pro¬ 
vide  a  considerable  savings  in  cost  when  considering  the  entile  problem  ol 
fluid  properties,  stability  of  fluid,  fire  Insurance,  and  fire-control  devices. 


Oil  Hydraulic  System 


The  direct-drive,  oll-hydraul 1c  system  proposed  is  a  5000  psi 
installation,  with  the  pumps  and  controls  being  furnished  by  Towler.  An  opera¬ 
ting  pressure  of  5000  psi  is  considered  an  optimum  figure  for  this  size  of 
machine  since  there  is  an  economic  balance  between  smaller  ID  piping  size  and 
Increased  wall  thickness  requirements  which  results  from  increased  fluid  pressure 
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„„  ,  ,  The  main  pumps  are  of  the  series  "D"  type,  which  are  axial 

vatil)ePrattin/sincePthePSndeVei1°Plng  ^  *‘Ch  “  12°°  rpm'  Thls  ls  a  con9er- 

vh)„  .  .  8  n  e  the  pump  ls  ratcd  for  continuous  duty  at  500  hn  at  1500  run 

P  sure  Z  PUIDP  >  percent  total of  supercharg  ng  ? 

centrifuga^pumps?1"  Perf~e‘  Thls  “PpH«-  by  four  200  hp"  high- ted 

^  •“  — < -i."  S”  KSSLS 

p«»p  ....uiiiMS  600  p“  Mlw  '« «■« 


lotion,  ,*C2  T 

rzr.Tn  zzi1.  u™™.1'.™""?  W- •“ 
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percent  nS*SY!l”M  'h*  *P""  I1"*  «  **"“■  1/2  of  1 
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ncreased  reliability  of  prepackaged  solid-state  circuit  modules. 

.pp.io..ior^L‘bT~;iiJ!;tI;™”;1?Ii;d;c  rr*"'1'1  ln  thi- 

?ss5-,r-^  ssl 
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Water  Hydraulic  System 


The  water  hydraulic  accumulator  system  proposed  as  a  possible  alter¬ 
native  has  been  used  in  most  present  large  presses  and  has  a  well-deserved 
reputation  for  dependability  and  control  for  large  presses.  The  components 
are  of  proven  construction  and  require  only  conventional  maintenance.  The 
installed  cost,  however,  is  far  greater  than  a  direct-drive  power  plant  if 
relatively  low  speeds  are  planned,  If  high-speed  extrusion  (ram  speeds  in  the 
order  of  720  ipm)  is  required,  however,  then  the  water  hydraulic  system  is  less 
expensive. 


PiSta.  The  pumps  proposed  for  this  system  are  of  the  vertical  multi¬ 
plunger  design  with  a  crankshaft  speed  of  approximately  300  rpm.  These  pumps 
are  the  successors  of  the  horizontal  pumps  which  ran  either  ac  78  rpm  or  at 
120  rpm.  Although  the  maintenance  cost  of  the  slower  speed  pumps  are  slightly 
lower  because  of  slower  plunger  speeds  and  lower  bearing  loads,  thn  higher 
•peed  pumps  are  approximately  30  percent  lower  in  installed  cost. 

The  pun*>s  can  be  driven  through  gear  boxes  either  by  high  speed  or 
slow- speed,  direct-driving,  engine-type  motors.  In  both  cases,  either  induction 
motors  or  the  somewhat  more  expansive,  power- factor-correcting,  synchronous 
motors  can  be  used. 

Pumps  can  be  unloaded  either  In  the  circuit  by  means  of  a  bypass 
valving  arrangement  or  by  means  of  a  auction  valve  unloader.  The  former  solu¬ 
tion-  is  usually  preferred  since  this  allows  the  water  to  circulate  through  the 
system  and  through  the  heat  exchanger  of  the  gravity  tank  rather  than  being 
trapped  in  the  suction  line  during  an  extended  period  of  press  downtime. 


Bottles.  The  accumulator  bottles  are  usually  constructed 
of  laminated  plate.  The  use  of  newer  alloys,  latest  design  techniques  and 
analyses  in  accordance  with  Section  3  of  the  Unfired  Pressure  Vessel  Code 
(Nuclear  Vessels)  has  led  to  a  substantial  reduction  of  the  wall  thicknesses  in 
these  vessels.  As  a  result,  very  large  bottles  can  be  built  to  meet  safety  code 
requirements.  The  use  of  a  single  bottle  as  reconmended  in  this  design  instead 
of  a  multiplicity  of  bottles  reduces  the  number  of  pipe  connections  and  reduces 
the  velocity  of  liquid  level  during  power  stroke. 


Cpfltrgla.  The  valving  and  controls  used  in  the  accumulator  station 
and  for  press  control  proper  are  of  the  poppet  design  with  lapped  seats.  The 
va*ves  ProPBrt  constructed  of  stainless  steel  and  bronze  for  corrosion  resistance, 
are  mounted  In  forged  steel  blocks  and  driven  by  servo-operated,  rocker-arm 

arrangements. 
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The  conventional  control  of  the  press  is  through  a  relay  system, 
owever ,  the  use  of  solid-state  electrical  control  elements  or  fluidic  logic 
nodules  can  be  specified  subject  to  the  decision  and  detailed  investigation 
discussed  earlier  under  Oil  Hydraulic  Systems--Controls . 

Electrical  Equipment 


•  Standard  drip-proof  ball  bearing  motors  are  used  for  the 

In  M-slic  installation,  the  motor  is  double- 

ended  and  is  mounted  on  a  common  base  plate  with  two  pumps.  For  the  large 

r2r;.TC,r  ■"  -°“*d 

The  motors  have  been  specified  at  2300  volts  since  this  is  the 

™8t  m°t0r  f°xt  lar»e  raotors  above  200  hp.  In  addition,  the  most  economic 
balance  of  copper  wiring  versus  cost  of  switch  gear  is  obtained  at  this  voltage. 

ad  lacent  t^theT’  lnstaJla';lon  of  thl'  PU“PS  in  a  separate  room  or  basement 
j  nt  to  the  press.  If  the  pumping  equipment  must  be  in  the  plant  area  dust 

sr'j  b‘- 

require  **  b<?  utlllzed’  if  required.  Thia,  of  course, 

requires  ducting  and  external  blowers  and  filters  for  the  cooling  air.  Smaller 

” £cT,:r.n  “  4r  ,°Ju'  ir  ■"  *"* 

are  of  TE1C  (totally-enclosed,  fan  cooled)  construction. 

„„„„  a  C  Starters-  Starting  equipment  has  been  preliminarily  arranged  and 

non-revfrsi^circu^T1  T*'™  ln8tallation-  Ful1  voltage  starters  are  of  the 
wr  t  k  8  ^  “  break?r  type,  arranged  in  a  modern  control  center  with  in- 
Tran  sf  bUBS  and  incoming-line  switch  arrangements  for  each  group  of  atartera. 

sri^:ft^rd^nnd°iph"  util'll™  conditions. h*Ve  b~"  — ‘"ad  *  ‘b“ 

are  rh  L°“  volta8a  starters  are  arranged  in  a  440  volt  control  center;  they 
svitcL  non-reversing  type  with  suitable  circuit  breakers  and  incoming  line 

dust-tight BcoM^uction"ton1thenterS  hT  b6!n  devel°Ped  with  ^  12,  industrial 
nrnt\wfa  con8tr“tion,  on  the  assumption  that  they  will  be  located  in  a  separate 

d,cm"  *™,h"  -  “■>  °< 


rr- 

iz'iT:  «... 

The  operator's  control  desk  will  include  a  cycle  selector  (for  hand 
single-cycle,  and  fully-automatic  operation),  controls  for  all  Individual  func¬ 
tions  Of  the  press,  as  well  as  indication  of  the  status  of  the  power  station. 
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Piping 


system  as  £-11  «  ft,  A  oil-hydraulic  system  or  the  water-hydraulic 

system,  as  well  as  the  piping  mounted  on  the  press  proper  would  be  of  heavy- 
walled,  seamless  steel  tubing  manufactured  to  ASTM  A- 106  and  meeting  the 

"  °f  thC  ^eBSure  P1Pln8  Code  ASA  B-31.1.  The  flange  connections 

vuSnised  fiher°Vr  Barogenics  desl8n  usin8  captive  copper  joint  rings  or 
vulcanized  fiber  rings  precompressed  prior  to  pressurization. 
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Eifttarlajs  Handling  System  and  Press  Operating  Sequence 


extrusion  w,-mat!ra?1S  hand“n8  system  ls  designed  to  load  diea,  unload  the 
from  the  dip  m”  ..  *’  Cu*  the  extrusl°n.  and  separate  the  extrusion  butt 
from  the  die  Most  operations  take  place  at  the  die  end  of  the  press 

Jhe  die  yThe  m  T  ^  ®  Stre88  t0  an  ^^usion  as  it  leaves 

the  die.  The  materials  handling  system  will  first  be  described  in  terms  of 

innthisnsecJioien  deSCrlbed  ln  detall>  as  Lt  aPPlies  various  operations,  later 

Figures  Ifi^A  "b  ^IndT^ref  '  ^  m‘Uetiala  handli"8  ay««">  are  shown  on 
sequence  is  shown  as  follows:  '  ertmCe  C°  Figure  18a.  the  "billet  and  die  loading" 

(2)  Advance  the  pusher  ram  and  move  the  billet  into  the  container. 

(3)  Retract  the  pusher  ram  past  the  die. 

(4)  Move  the  die  ln  front  of  the  pusher  ram. 

Snows:'  18B>  th*  "eXtru8l°"’  d*‘  a"«  »utt  unloading"  sequence  is  shown  a. 


(1) 

Extrude  the  billet. 

(2) 

Grip  the  extruded  product  by  the  chain-driven  puller. 

(3) 

Open  the  gate  locks  and  pull  the  extrusion  dip  j  v 

the  sawing  position.  extrusion,  die,  and  butt 

into 

In  Figure  18C, 

the  "sawing  and  butt-die  separation"  sequence  is  shown: 

(1) 

Move  the  saw  down  and  cut  the  extrusion  which  then  rolls 

away. 

(2) 

Lower  the  butt  carrier  as  the  pusher  arm  moves  forward. 

(3) 

Push  the  butt  out  of  the  die  into  the  butt  carrier  which 
the  butt  up  and  then  ejects  It  into  a  separate  bin.' 

raises 

(A) 

repeat ^cycle^6r  ^  PUShCr  t0  their  °ri«tnal  P°‘“ion 

and 

* 


ft! 


GATE  LOCK 


ill 
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FIGURE  18A.  MATERIAL-HANDLING  SYSTEM  -  BILLET  AND  DIE-LOADING  SEQUENCE 
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FIGURE  I8B.  MATERIAL-HANDLING  SYSTEM  -  EXTRUSION,  DIE,  AND  BUTT-UNLOADING  SEQUENCE 


FIGURE  18C.  MATERIAL-HANDLING  SYSTEM  -  SAWING  AND  BUTT-DIE  SEPARATION  SEQUENCE 


and  die  ar^loaded^n^h^0  6‘,nCh  1*ner  ls  “uch  the  same'  except  that  the  billet 
tube  is  trL?H  *UPP°  tUb*  assembIy,  Figure  19.  Then  the  support 

inierted^  IT0  i  ^  *  *  n‘lnCh  dlafflet*r  blUet-  T»t  support  tube  i. 

in  turn  ourfL.rH,*2i<inCh  COn*alner  and  Pushed  against  the  6- inch  liner  which, 
the  inner  «  *h%H?er  agaln8t  the  P^epos it ioned  outer  ram.  In  this  position 

die  into  theTinrh  ^  8UP^r£  tUb*  ?U#h  the  6’tnch  billet  and 

.  ,  4  +  k  nCh  liner‘  After  extrusion,  the  extrusion  butt  and  die  are 

exSLted  °r^etlePStritUbe  ^  fr°m  the  preBS-  The  «t~>lon  1. 

dent  of  the  “  separate  operation  away  from  and,  therefore,  indepen- 

the  following  subsection.  °th*r  pos8lble  ,e‘»uenc“  Illustrated  in 

tubes  nr  ^  Pre<S  ^  materlals  handlin8  system  were  designed  to  produce  solids 
SEo \ir  °?  flther/he  250'000  P8i  container  or  the  450,000  p.i  c^t.l^r 

container  ffltiid'tn"^ ini*  fv°m  450,000  Pal  container  tnto  the  250,000  pel 
ontainer  (fluid- to- fluid) .  Further  consideration  was  given  to  operating  an  addl- 

luid  tn  n  lnT  80  thSt  Very  lon«  extrusions  could  be^roduced  £ 


the  250.000 


The  sequence  of  operations  is  described  to  make  a  fluid-to-alr  solid 
“  25°'000  PS1-  12'lnch  ID  contalner-  the  rna^bm.t.L 

"  X  96  lnches  lon«-  c~W  hav.  any cro.l- 

Sectlon  that  could  be  circumscribed  by  a  11-lnch  diameter  circle  See  Fiaure  13 

tlons^sequencel^*^  ““  FlgUr'  2°  f°r  8  ,ChematlC  dr“'in*  of  th«  Mlouir^  op.ra- 

pusher  "ith  *nd  ^  lnt°  posltion  ln  front  of  hydraulic 

2)  Pusher  ram  moves  downward  to  operating  position. 

3)  Pusher  ram  moves  billet  into  container. 

4)  Pusher  ram  moves  back  for  die. 

5)  Die  moves  into  loading  position. 

6)  Pusher  ram  moves  die  Into  container. 

7)  Main  gate  lock  secures  die;  pusher  ram  moves  back;  center 
ram  moves  forward  applying  alight  pressure  on  billet  to 
insure  seal;  container  is  filled  and  bled. 

8)  Pusher  ram  moves  upward  to  clear  the  way  for  extrusion;  main 
ram  moves  forward  to  complete  the  bleeding  operation,  then 
proceed,  to  move  forward  at  the  extrusion  speed  and  collates 
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”  -  iSSJ'.SJ'SS *-«>■?  «•“  1“l*  — 

die  into  saving  position  pull>  b°th  •*«•*»  and 

10)  Extrusion  is  saved. 

11)  Extrusion  rolls  off  table. 

12)  Pusher  ram  and  butt  carrier  »ove  into  position. 

13)  Pusher  ran.  pushes  butt  out  of  die  into  butt  carrier. 

ssm:  srsrs  sstjs 

15)  Pusher  ram  moves  dovn  and  another  cycle  can  start. 

cont ainer 'to Cthe”d ie ^n^the ' cut-off  L^11  drip  °T  “  dl8ta"~  the 

in  the  runout  table  to  collect  thif  oil  filter  P*n  WlH  b*  ln*tall#d 

This  catcher  pan  vill  only  extend  to  the  die  in  the^t-off^Ion^  rM#rV°lr- 

and  the  a11ed^r«ebc°I^%^n^tlnU0Uily  flU‘h*d’ 


lube  Extrusion  From  the  750. 000  Dsi  tw.i.... 


from  the  large- diameter  tube 

OD  x  10-1/2-inch  ID  x  96  inches  Iona  Th ™  ™lmum  billet  sice  la  11-inch 
10- 1/2- inch  diameter.  The  schematic 8et’"en«  assumes  the  center  ram  to  be 
20  also  applies  in  this  case:  08  °f  the  0Peratlons  sequence  in  Figure 


1) 


Hollov  billet  vith  hollov  end 
hydraulic  pusher  ram. 


cap  moves  into  position  in  front  of 


2)  Pusher  ram  moves  dovnvard  to  operating  position. 

3)  Pusher  ram  moves  billet  into  container, 
u)  Pusher  ram  moves  back  for  die. 

5)  Die  is  moved  into  loading  position. 

6)  Pusher  ram  moves  die  into  container. 
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FIGURE  20.  OPERATIONAL  SEQUENCE  FOR  FLUID-TO-AIR  EXTRUSION  OF  A 
12-INCH  BILLET  AT  250,000  PSI 
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FIGURE  20.  (CONTINUED) 


8)  Puaher  ram  moves  upward  to  clear  the  way  for  extrusion;  main 
ram  moves  slowly  at  first  to  complete  the  bleeding  operation, 
then  proceeds  to  move  forward  at  the  extrusion  speed  and 
con^letes  extrusion.  The  center  ram/mandrel  Is  held  fixed 
relative  to  the  die. 

9)  Main  ram  retracts  to  decompress  chamber;  main  gate  locks  open 
and  the  chain-puller  grabs  the  extrusion  and  pulla  the  extru¬ 
sion,  die,  and  butt  into  sawing  position. 

10)  Extrusion  is  sawed. 

11)  Extrusion  rolls  off  table. 

12)  Pusher  ram  and  butt  carrier  move  into  position. 

13)  Pusher  ram  pushes  butt  out  of  die  into  butt  carrier. 

14)  Pusher  ram  returns  butt  carrier  moves  upward  and  butt  is 
discarded;  die  moves  out  of  way  and  is  dropped  into  bin. 

15)  Pusher  ram  moves  down  and  another  cycle  can  start. 


Extrusion  Drawing  from  the  250.000  psl  Container 


This  describes  a  sequence  of  operations  to  make  extrusions  with  the 
addition  of  an  applied  draw  force  (HYDRAW) .  The  billet  may  be  a  round,  a  hollow, 
or  a  shape  but  in  any  case  the  nose  of  the  billet  must  be  reduced  to  extend 
beyond  the  die  about  4  feet.  This  extension  could  be  obtained  by  Joining  an 
extension  to  the  billet  nose.  A  maximum  force  of  300  tons  could  be  exerted  over 
40  feet  of  travel  by  a  double  acting  hydraulic  pusher  ram  which  grips  the  end  of 
the  billet  and  pulla  during  the  extrusion  operation.  The  sequence  is  as  follows: 

(1)  through  (7)  Same  as  that  for  solid  extrusion  from  12-inch 
container  (Figure  20) . 

(8)  Drawing  grip  on  the  end  of  the  pusher  ram  is  attached  to 
the  billet  extension  and  the  desired  load  applied;  main  ram 
ram  moves  slowly  at  first  to  complete  the  bleeding  operation, 
then  proceeds  to  move  forward  at  the  extrusion  speed  and 
completes  extrusion.  The  actual  draw  force  applied  is  based 
on  the  particular  tube  size  and  materials  involved. 

(9)  Main  ram  retracts  to  decompress  chamber;  main  gate  locks  open; 
draw  cylinder  pulls  out  die  and  butt  into  sawing  position. 

(10)  through  (15)  Same  as  that  for  tubing. 
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gflild  Extrusion  from  the  450,000  pgl  ijonrainw 


This  describes  the  operationel  sequence  to  make  fluid-to-air  solid 
extrusions  from  the  450,000  psi,  6-inch  ID  container.  The  maximum  billet  size 
is  5-inch  diameter  x  24  inches  long.  See  Figure  14  for  the  typical  billet  size 
Figure  19  for  an  illustration  of  the  support  tube  with  the  billet  and  die  in 
load  position,  and  Figure  21  for  a  schematic  of  the  following  sequence: 

(1)  Support  tube,  loaded  with  billet  and  die,  moves  into  loading 
position. 

(2)  Pusher  ram  moves  into  operating  position. 

(3)  Pusher  ram  moves  support  tube  into  12- inch  container,  pushing 
6-inch  container  to  rear  position  located  by  the  outer  ram; 
pusher  ram  moves  back. 

(4)  Hollow  end  plug  moves  into  loading  position.  (Same  mechanism 
used  for  moving  dies  into  loading  position). 

(5)  Pusher  ram  moves  end  plug  into  sealing  position  at  the  same 
time,  pushing  billet  into  6- inch  container;  main  gate  locks 
close. 

(6)  Outer  ram  and  center  ram  move  back  to  let  fluid  into  the 
chambers;  container  is  filled  and  bled;  outer  ram  and  center 
ram  move  forward  and  make  the  extrusion;  pusher  ram  moves  back. 

(7)  Outer  and  center  rams  retract  to  decompress  chamber;  main  gate 
locks  open;  email  gate  locks  close  to  keep  6- inch  container 
from  exiting  12-inch  container;  center  ram  moves  forward, 
pushing  the  die  out  of  the  6- inch  container  into  the  support 
tube;  chain-puller  grabs  the  extrusion. 

(8)  Support  tube,  die,  butt,  and  extrusion  are  released  at  unload 
position  and  roll  away. 


Illi>»  Bxtrusion  from  the  450,000  psi  Container 


The  operational  sequence  to  make  tube  extrusions 
same  as  that  required  to  make  solid  extrusions.  Figure  22 

tube  billet  arrangement. 


is  essentially  the 
Illustrates  a  typical 
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FIGURE  21. 


™™fL  SEQUENCE  FOR  FLUID-TO-AIR  EXTRUSION  OF  A 
6-INCH  BILLET  AT  450,000  PSI 
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Fluid- to-Fluld  Extrusion 


This  describes  the  operations  sequence  to  make  solid  extrusions  from 
6-lnch  diameter,  450,000  psl  container  to  the  support  tube  at  250,000  psi.  The. 
maximum  billet  size  Is  5-inch  diameter  x  24  inches  long.  Figure  14  illustrates 
the  tooling  configuration  for  this  operation  except  that  the  end  plug  would  be 
solid  and  there  would  be  no  seal  on  the  support  tube.  Figure  23  shows  the 
schematic  of  the  following  sequences: 

(1)  Support  tube  loaded  with  billet  and  die  moves  into  loading 
position. 

(2)  Pusher  ram  moves  into  operating  position. 

(3)  Pusher  ram  moves  support  tube  into  12-inch  container, 
pushing  6- inch  container  to  rear  position  located  by 
the  outer  ram;  pusher  ram  moves  back. 

(4)  End  plug  moves  into  loading  position.  (Same  mechanism  used 
for  moving  dies  into  loading  position) . 

(5)  Pusher  ram  moves  end  plug  into  sealing  position  at  the  same 
time,  pushing  billet  into  6- inch  container;  main  gate  locks 
close. 

(6)  Outer  ram  and  center  ram  move  back  to  let  fluid  into  the 
chambers ;  container  is  filled  and  bled;  outer  ram  and  center 
ram  move  forward  and  make  the  extrusion;  pusher  ram  moves 
back. 

(7)  Outer  and  center  rams  retract  to  decompress  chamber;  main  gate 
locks  open;  pusher  ram  advances  to  remove  end  plug  to  unloading 
position. 

(8)  End  plug  moves  out  of  the  way;  small  gate,  lock  closes  to  keep 
the  support  tube  from  exiting  the  12-inch  container;  the  center 
ram  pushes  the  die  with  butt  into  the  support  tube. 

(9)  Small  gate  lock  opens;  outer  ram  pushes  the  6- inch  liner  forward 
so  that  the  export  tube  can  be  gripped  by  the  chain  puller, 
the  chain  puller  extracts  the  support  tube,  die,  and  butt;  small 
gate  lock  closes  to  prevent  the  6-inch  liner  from  leaving  the 
12- inch  container. 

(10)  Support  tube,  die  and  extrusion  are  released  and  move  to  unloading 
area. 
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FIGURE  2:..  OPERATIONAL  SEQUENCE  FOR  FLUID-TO-FLUID  EXTRUSION 
OF  A  6-INCH  BILLET  FROM  450,000  TO  250,000  PSI 
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FIGURE  23.  (CONTINUED)  ■ 


450,000  p.l,  6-inch  a  S  „  !  ,  solid  eXtrual°"a  <*e 

100,000  p.i  capacity  Figure  biw'  ^  lnt°  "  •““‘“y  container  of 
auxiliary  container  Fim  M  006  P°"lble  arrangement  of  the 

operation..  8  24  8h°WS  a  8chematlc  °f  the  following  sequence  of 


(1) 

(2) 

O) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 


position^*1'5*  l0“ded  Wlth  bUlet  and  die  movea  int°  fading 
Pusher  ram  moves  into  operating  position. 

6- inch  ram™!VeB  SuPP°rt  tube  into  12-inch  container,  pushing 
6-inch  container  to  rear  position.  p  8 

Pusher  ram  moves  back;  auxiliary  container  moves  into  position. 

TT  fuxaiary  container  against  the  support  tube 

indenendentlv  Cl°8e;  Bain  contalner  ls  filled  and  bled; 

independent iy,  the  support  tube  and  auxiliary  container  are 
filled  and  pressurized.  are 

Outer  ram  and  center  ram  move  forward  for  extrusion. 

Outer  ram  and  center  ram  retract  for  decompression;  main  gate 
locS  open!  "  PUUer  8rabS  aUXlUary  container;  small  gate 

Chain  puller  brings  auxiliary  container  to  unloading  position- 
into  \he  *  support  XT  ^  PU9heS  the  dle  Wlth  bu“  ’ 

Small  gate  lock  opens;  outer  ram  moves  forward,  pushing  6- inch 
liner  forward  so  that  support  tube  can  be  gripped  by  chain 
s«rl4T’  vha,ln  Puller  extracts  support  tube,  die,  and  butt-  small 
container. C*°**B  E°  prevent  6'inch  liner  from  leaving  12- inch 


(10)  pisition11"  brin8S  *UPPOrt  tUbe  Snd  extrusion  ^to  unloading 

(11)  Support  tube  and  extrusion  moved  to  reloading  position. 


Time  Cycles  for  General  Press  Operations 


below. 


Time  cycles  for  various  common  operations  were  estimated  and  are  shown 
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FIGURE  24.  OPERATIONAL  SEQUENCE  FOR  FLUID-TO-FLUID  EXTRUSION 
OF  A  6-INCH  BILLET  FROM  450,000  TO  100,000  PSI 


. auxiliary  container 

position;  small  gate  locks  close;  center 
forward,  pushing  die  out  of  6"  container 

— 44 - **  - Pi - Pi 


FIGURE  24 .  (CONTINUED) 
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FIGURE  24.  (CONTINUED) 


83 


Fluid- to- Air  Extrusion  -  12- Inch.  250  000  osl  Container.  Maximum 
kill*!  size:  11- Inches  diameter  x  96  inches  long.  The  following  estimated 
times  are  approximately  the  same  as  those  for  production  of  tubes. 


Steg  Operation  Time,  seconds 

1  Outer  stem  stroke  (compression  and  55 

extrusion)  91"  at  100"/min. 

2  Decompression  and  liquid  exhaust  3 

(continues  during  Step  3  as  well) 

3  Die  lock  release  2 

4  Retraction  of  extrusion,  die  and  11 

butt: 

a)  200"  at  20"/sec.  -  10  sec. 

b)  slowdown  at  the  end  -  1  sec. 

j  Saw,  down  and  up  9 

6  Die  and  butt  removed  2 

7  Extrusion  removal:  simultaneously 
with  Step  6 

8  Billet  loader  action  (billet  and  2 

new  die) 

9  Pushing  billet  and  die  into  chamber  11 

a)  200"  at  20"  per  sec.  »  10  sec. 

b)  slowdown  at  the  end  “  1  sec. 


10  Die  locked  2 

11  Inner  stem  advances  (0.1  spc.)  and  0.35 

seats  billet  in  die  (0.25  sec.) 

12  Fluid  handling  7 

a)  Chamber  evacuated:  2  sec. 

b)  Chamber  filled:  20  gallons  5  sec. 
at  4  gps 

13  Chamber  sealed  by  outer  stem  advance  (  0.65 

(8  inches  at  12  inches/ sec.) 

14  Total  cycle  time  105 

15  Cycle,  per  hour  ipf  (^ec/cycle)  ‘  34-3/hr- 

16  For  the  purpose  of  calculating  the  35/hr. 

power  requirements,  the  number  of 

cycles  assumed  was: 
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Fluid-to-Air  Extrusion _ 

billet  size;  5- inch-diameter  x  24  inches  long.  Extrusion  of 
and  tubes  (using  floating  mandrel  technique."  bXtru8ion  of  aolld« 


6- Inch  450.000  cal  Container 


Maximum 
,  shapes, 


■§£££  Operat  ion 

1  Inner  ram  stroke  (compression  and 
extrusion)  24.8"  at  100"/min. 

2  Pressurizing  outer  chanter: 
simultaneously  with  Step  1 

3  Decompression  of  both  chambers  and 
exhaust  of  liquid  from  6"  chamber 
(continues  during  Step  4) 

4  Push  die  and  butt  into  support  tube 

5  Main  die  lock  release 

6  Small  die  lock  closes  (takes  place 
during  Step  7) 


Time,  seconds 
15 


6 


2 

4 


Retraction  of  extrusion  die,  butt  and 
support  tube 


Die,  butt  and  support  tube  removed 

Extrusion  removal  (away  from  the 
press) 


10  Billet  loader  action  (billet  new  die 
and  support  tube) 

11  Pushing  billet,  die,  and  support,  tube 
into  main  chamber: 

a)  200"  at  20"/ sec.  -  10  sec. 

b)  slowdown  at  the  end  -  1  sec. 

12  End  plug  moves  into  position 

13  Die  locked 

14  Outer  and  center  ram  retract  to  permit 

fluid  filling 

15  Fluid  handling 

a)  inner  chamber  evacuated;  2  sec. 

b)  inner  chamber  filled:  5  sec. 


2 

11 


3 

2 

5 

7 
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steB  Operation 

16  Chamber  sealed  by  inner  stem 

advancing 

a)  8"  at  10"/sec.  -  0.8  sec. 

b)  slowdown  "0.2  sec. 

17  Total  cycle  time 

18  Cycles  per  hour: 


Time,  seconds 
1 
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Fluid- tp-Fluld  Extrusion.  Maximum  billet  size:  5- inch  diameter  x 
24  Inches  long.  Six-Inch  liner  located  within  the  12-inch  chamber.  Extrusion 
of  shapes  (or  tubes  with  a  floating  mandrel)  450,000  psi  against  250,000  psi 
back  pressure  to  produce  relatively  short  extrusions  (72  inches  long).  The 
operational  sequence  will  be  similar  to  fluid-to-air  extrusion  from  the  6-inch 
iner  except  that: 


(1)  The  stroke  for  the  extraction  of  extrusion 
will  be  shorter 


■2  sec. 


(2)  Added  time  will  be  required  to  fill  the  support-tube  +1  sec. 

volume 


(3)  Manipulation  of  the  end  plug 

(4)  Total  cycle  time  =  76  sec.  +2  sec.  »  78  sec. 

(5)  Cycles  per  hour:  46 


3  sec. 


+2  sec. 


Flujd- tp-Fluld  Extrusion  Using  an  Auxiliary  Container.  The  operational 
sequence  will  be  similar  to  fluid-to-air  extrusions  except  that: 


(1)  The  auxiliary  container  must  be  moved  into  and 
out  of  position.  This  time  would  be  a  function  of 
its  length,  but  may  be  in  the  order  of 

(2)  An  independent  pumping  system  would  be  necessary 
to  pressurize  this  chamber  for  flexibility;  this 
would  require  about 


(3)  Total  cycle  time:  76  sec.  +  85  sec.  ■  161  sec. 


(4)  Cycles  per  hour:  22.4 


+20  sec. 


+60  sec. 
+85  sec. 
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ANALYSIS  OF  TOOLING 


Container,  stems,  and  dies  are  subjected  to  very  high  and  complex 
stresses  in  the  hydrostatic  extrusion  process.  These  key  components  were 
analyzed  in  detail  to:  (1)  determine  the  practicability  of  various  design 
concepts,  (2)  obtain  general  relationships  that  could  be  applied  to  a  variety 
of  designs,  and  (3)  determine  technical  areas  in  which  additional  experimental 
data  is  needed. 

Various  design  concepts  for  high-pressure  containers  were  analyzed 
in  detail  in  a  prior  research  program. (15)  Assuming  a  fatigue  strength 
criterion  and  a  high-strength  liner,  it  was  found  that  a  multi-ring  shrink-fit 
construction  offered  the  moat  efficient  design.  In  order  to  achieve  a  pressure 
capability  of  450,000  psi,  it  was  found  necessary  to  use  fluid-pressure  support 
principles.  The  pressure  capabilities  of  container  designs  were  predicted  based 
upon  postulated  fatigue  behavior  of  high-strength  steels  under  cyclic  pressure 
conditions.  Unfortunately,  actual  fatigue  behavior  under  these  conditions  was 
found  to  be  an  unknown  and  this  certainly  warrants  further  study  in  a  separate 
program.  Also,  the  design  predictions  were  based  on  a  uniform  pressure  loading 
on  the  bore  of  the  containers.  Additional  loadings  should  be  analyzed  for  their 
effect  upon  fatigue  lif-  of  the  containers.  It  was  also  found  that  containers 
with  large  bores  necessarily  have  large  outside  diameters  which  could,  in  some 
instances,  make  manufacture  unfeasible. 

In  this  report,  design  calculations  are  presented  for  a  multi-ring 
container  for  250,000  psi  and  a  ring-fluid-ring  container  for  450,000  pal.  The 
computer  code  MULTIR,  developed  in  the  preceding  program(14)>  was  used  for  these 
calculations.  Analysis  of  additional  loading  effects  is  also  presented,  beyond 
that  in  the  previous  study.  In  addition,  the  knowledge  to  date  on  the  general 
fatigue  behavior  of  high-strength  steels  and  the  specific  fatigue  data  available 
on  thick-walled  cylinders  is  reviewed.  The  employment  of  the  autofrettage  process 
as  a  means  of  reducing  the  size  of  the  containers  is  also  discussed.  The 
previous  study(14)  was  limited  to  five  design  concepts.  In  this  report,  an 
additional  container  concept  was  considered.  This  was  a  sectored  container  with 
no  liner. 


Choice  of  Materials  for  Container  Design 


One  of  the  important  aspects  of  the  container  design  is  the  choice 
of  material.  In  a  previous  study(14),  the  Importance  of  a  fatigue-strength 
criterion  was  emphasized  for  production  containers.  Therefore,  container 
materials  with  high  fatigue  strengths  would  certainly  be  preferred  for  the 
design  of  an  ultrahigh-pressure  hydrostatic  extrusion  press  for  production 
purposes.  However,  there  is  a  lack  of  triaxial  and  biaxial  fatigue  data  under 
the  combined  stress  states  experienced  at  the  bore  of  the  liners  of  containers 
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u°r*  SeneraLUy  kn0Vm  ar€  the  more  c°™>on  uniaxial  fatigue  data  from 
h  .  ™'  T  or  PUsh-puU  tests.  A  study  of  these  data  as  related  to  the 

*  condition  of  the  material  has  been  made  to  enable  a  choice  of 

f«l»ue^trenJh*  w?,  that  Can  alS°  be  exPected  to  give  similar 

fatigue-strength  capability  under  cyclic  internal  pressure. 


Material  Fatigue  Strength  Considerations 


Moat  °f  tbe  avallable  fatigue  data  on  a  variety  of  materials  have 
^  f  °°  yclatlvely  a">aH  and  simple  laboratory  specimens.  The  fatigue 

strength  of  actual  parts  under  service  conditions  is  affected  by  many  factors. 
*"d  la  °ften  rather  difficult  to  relate  quantitatively  the  fatigue  behavior 
on  rho'V  to  that  °f  laboratory  specimens.  However,  many  trends  observed 

narr!b  I!  ?ry  ap*cin,ens  “nder  various  testing  conditions  do  also  apply  to  actual 
parts,  at  least  In  a  qualitative  sense. 

...  .  .  In  bbe  8electl°n  °f  the  material  and  Its  heat  treatment  for  a  part 
ubjected  to  fatigue  loading,  the  fatigue  properties  of  the  material  are  of 
primary  importance.  Depending  on  the  application,  some  other  material 
properties  may  also  be  important  and  it  is  often  necessary  to  find  a  proper 
balance  between  the  fatigue  strength  of  the  material  and  its  other  desired 
i  ’  Inupar^  SubJected  t0  hl«h  loads,  for  example,  hlgh-atrength 

TV,  ®fte"  “?ed  to  provlde  the  ^cessary  static  strength.  However, 
he  fatigue  strength  of  high-strength  materials  does  not  always  increase  in 

hJTh  !r^r°P0rti0nut?  tH?lr  St8tlC  strcn8th-  a"d  It  ">ay  even  decrease  at  very 
high  static-strength  levels. 


Figure  25  (from  Reference  30)  illustrates  results  obtained  from  a 
-  °£  Moore"cyP®  rotating-beam  fatigue  tests  on  several  alloy 

teels  heat  treated  to  various  hardness  levels.  All  these  tests  were  con- 

apelcm«ns  at  room  temperature  under  similar  test  conditions. 
Because  the  static  strength  properties,  ultimate  and  yield  strengths,  of  steels 
do  generally  increase  with  the  hardness,  it  can  be  stated  from  Figure  25  that 
there  is  an  optimum  strength  (hardness)  level  for  each  steel  at  which  the 
fatigue  (endurance)  limit  reaches  a  maximum  value.  Using  a  steel  at  a  strength 
vel  higher  than  this  optimum  level  in  a  part  subjected  to  fatigue  loading 
“/““V lecreaae  ^  fatigue  strength  (life)  of  the  part.  It  can  be 

for  d?f#UCeVr0m  ^  fJi8Ur®  th8t  the  °Ptlmum  strength  level  might  be  different 
f"  “ ^««ent  steels  and  that  the  scatter  in  fatigue  data  increases  with  the 
-  atl  8br®"gth  levels.  even  for  the  same  steel.  To  assure  a  safe  design  againsi 

criSla  *wMrh’  ’'a'  l0W6r  V8lUeS  °f  tHe  8catter  band  be  used  as  the  design 

"„”la’  reduce,  somewhat  the  "useful"  fatigue  strength  of  high  strength 

steels  as  compared  to  their  average  fatigue  strength. 
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quenching),  and  the  effects  of  some  metallurgical  factors  all 
increase  with  the  static  strength  level  of  steels.  These  ffctors  are  said 

between  futthel  the  8«eral  trends  in  the  relationship 

levels1*  ?h.  f6  Srtren8tha  °f  a«els  at  relatively  high-strength 

levels.  These  data  were  taken  from  several  sources (30-35) .  They  represent 

the  results  of  rotating-beam  fatigue  tests  conducted  at  room  temperature  on 
unnotched  specimens  made  of  various  heat-treated  steels  at  various  strength 

Forelpecific  Jimlt  WHS  taken  as  the  fa“8ue  strength  at  10?  cyclfs. 

wch  steil  a«de  ohe  <  "a’  "°Uld  be  better  C°  have  8uch  seParate  plots  for 
h  steel  grade  obtained  on  specimens  subjected  to  a  fatigue  loading  thnt 

correspond,  to  the  loading  conditions  in  the  particular  application  Sever 

there  are  not  sufficient  data  of  that  kind  available  a^d  not  all  of'theSln: 

able  data  can  be  considered  as  compatible.  The  unnotched  rotating-beam  fatigue 

«e  more  reaJuvl  S  PUrP°Se8  In  Flgure  25  keceu.^tE”  data' 

are  more  readily  available  than  other  types  of  fatigue  data. 

.  *wo  general  trends  are  apparent  from  Figure  26:  (1)  the  scatter  in 

atigue  data  increases  with  the  strength  level  of  steels,  and  (2)  the  average 
gue  strength  of  high-strength  steels  increases  considerably  less  than  their 
ult  mate  tensile  strength.  As  was  explained  above,  the  faHgue'  strengS  of  a 

after  relchtL8  77  even,decrease  wlth  a"  Increase  in  its  ultimate  strength 
and  hl  K  ?  °Ptimum  value-  The  fatigue  data  represented  in  Figures  25* 

and  26  were  obtained  on  smooth,  polished  specimens.  Because  actual  parts  may 
not  have  such  smooth,  polished  surfaces  and  the  parts  may  contain  geometric  7 
stress  concentrations,  fatigue  tests  conducted  on  specimens  with  surface  finishes 
corresponding  to  the  actual  applications  and  on  so-called  "notched  specimens" 

have  WUl  that  m°re  rePresentative  actual  conditions.  Although  there 
have  been  many  such  tests  conducted,  it  is  difficult  to  correlate  the  results 

?eata8a  dV**  Ur8e  VarUty  of  notches  *"d  surface  conditions  used  in  these 
tests  and  because  not  enough  data  were  obtained  under  each  specific  condition 
However,  some  general  trends  have  been  observed  and  these  are  represented 
schematically  in  Figure  27.  Although  the  shapes  and  relative  values  of  !he 
curves  shown  in  Figure  27  may  change  for  different  materials,  specimen  config- 

c«ei0nh’  8nd  teating  contJftfons,  the  general  trends  appear  to  prevail  in  all 
cases  whenever  there  are  sufficient  fatigue  data  available.  These  trends  are 
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Uttimot#  Ibnsiit  Strtngttvk* 

FIGURE  26.  UNNOTCHED  ROTATING-BEAM  FATIGUE  LIMIT  FOR  MISCELLANEOUS  HEAT- 
TREATED  STEELS  AT  VARIOUS  ULTIMATE  TENSILE  STRENGTH  LEVELS 

Data  taken  from  several  sources. 


I 

■2 
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FIGURE  27.  GENERAL  TRENDS  IN  FATIGUE  STRENGTH  OF  HEAT-TREATED  STEELS  AS  A 
FUNCTION  OF  ULTIMATE  TENSILE  STRENGTH 

I  -  Smooth,  polished  apecimens. 

II  -  Specimens  with  mild  notches  and/or  medium  smooth  surfaces. 
Ill  -  Specimens  with  severe  notches  and/or  rough  surfaces. 
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characterized  by  a  decrease  of  fatigue  strength  and  by  a  shift  of  the  optimum 
ultimate  tensile  strength  toward  a  lower  value  with  Increasing  notch  severity 

^ritW^H6  r°“8hne8S’  uThe  ^crease  of  fatigue  strength  with  the  notch 
severity  (and  surface  roughness)  can  be  readily  explained  because  notches 

and  the  hlgher  the  atress  concentration  the  lower 
^  exP*cted  fati8ue  strength.  The  main  reason  for  the  shift  (lowering) 

v  !2  S?  'll  ■**!  t<ns1lle  SCrength  is  probably  the  higher  notch  sensi¬ 
tivity  of  high-strength  steels. 

with  rh.  hfr  th*  fof®*oln?  scussion  it  should  be  apparent  that  materials 
bMt  fr  hl«hest  possible  i  .ate  tensile  strength  are  not  necessarily  the 

tixl  for  n.rJiC!h  t"  SubJeCted  t0  ^Eue  loading.  This  is  particularly 

!sTf.Slv^«th  V  Stre*8  concentr*tloi,s  «»d  that  have  less  than 

perfectly  smooth  surfaces  at  critical  locations.  Material  selection  from 

•Bong  the  many  high-strength  steels  with  their  various  available  heat  treat- 
T"ta  (“,^c**tr®n8th  levels),  therefore,  should  be  based  in  large  part  on 

.S.?r«MMM*tl8ULd:t8-  ,There  *”  SOme  indications ,  that  high-strength 
-  axhlbitl“8  good  ductility  and  toughness  have  also  relatively  good 

fatigue  strength.  These  should  receive  the  first  consideration. 

Tahnr.r  -  U  *h?Uld  be  noted  that  the  fatigue  strength  values  obtained  on  small 
■O-cel letM's is* f *  8eld°m  fU,Hy  rcallzed  ln  actual  parts  because  of  the 
addition  rhi  eff*ct  ■  «vcn  if  all  the  other  conditions  are  similar.  In 

n!?.1”  T  r  factors  that  may  affect  the  fatigue  behavior  of 
actual  pert  in  service  and  these  must  be  evaluated  for  each  individual 

”  Such  additional  effects  in  the  hydrostatic  container  applications 

are  discussed  in  the  next  section. 

letlgue  Behavior  of  Thick-Welled  Cylinders 

„  .  P1'  m°at  extenaive  studies  of  the  fatigue  behavior  of  thick-walled 

cylinders  have  been  conducted  by  Mot.  son,  Crossland,  Parry,  Burns,  and  their 
co-workers  in  England.  These  studies  vere  recently  summarized  at  the  High 
Pressure  Engineering  Conference  in  London,  September  1967  by  Burns  and  Parry(36) 
They  have  limited  the  study  primarily  to  one  English  steel,  En  25  (Vibrac  V-30) 

lf“  !P*Clmena  had  approximately  the  same  chemical  composition*  and  heat 
treatment.  Th®  strength  values  were: 

yield  strength,  -  103  to  112  ksl 

ultimate  strength,  a  »  121  to  129  ksi. 


*  M?'2n  £  °-\CL  °'U  t0  °'17  si>  °-64  to  °-69  Mn,  0.015  S, 

W.U1J  P,  2.33  to  2.58  Nl,  0.57  to  0.60  Cr,  0.57  to  0.60  Mo. 
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This  la  a  relatively  low  strength  level.  This  material  Is  comparable 
a °  Ste#1  and  therefore*  at  thls  strength  level,  it  can  be  expected  to 
exhibit  ductile  fatigue  failure  corresponding  to  points  to  the  left  of  the  peak 
of  the  endurance  limit-hardness  curve.  Figure  25.  The  conclusion  of  the  studies 
on  En  25  steel  was  that  the  fatigue  data  correlates  best  with  shear  stress(34)t 
(This  was  the  assumption  made  in  Reference  (14)  and  confirmed  here.)  Figure  28 
shows  a  fatigue  diagram  for  the  semirange  in  shear  stress  S  plotted  versus  the 
mean  shear  stress  S  .  This  figure  is  essentially  the  same  is  Figure  28.6  In 
Reference  (36),  except  that  here  the  semirange  in  shear  stress  is  used  Instead 
of  the  total  range,  and  the  stress  units,  ksi,  are  used  instead  of  tons/in2.  The 
in  Figure  26  were  taken  ft0"  the  original  publications,  References 
(36-42).  Data  for  compressive  mean  stress  for  push-pull  tests  from  Reference  40 
are  also  plotted  which  were  not  included  in  Figure  28.6. 

Figure  28  also  shows  data  for  torsion  of  tubes,  push-pull  of  solid 
round  specimens ,  and  internal  pressure  cycling  of  monoblock  cylinders,  ahrink- 
Itt ted  cylinders,  and  autof rettaged  cylinders.  The  shear  stress  in  the  torsion 
tests  is  the  applied  stress.  The  shear  stress  in  the  push-pull  testa  la: 


S 

where  o  «  the  applied  axial  stress, 
test  occurs  at  the  bore  and  is 


S 


where  o0  -  the  circumferential  (hoop)  stress  and  a  «  the  radial  stress  equal 
to  the  applied  pressure  at  the  bore.  The  semlrangi  in  shear  stress  is 


'  T  (!) 

The  largest  shear  stress  in  the  cylinder 


a.  o 

8  -  r 


(2) 


S 

r 


S 

max  - 


2 


min 


and  the  mean  shear  stress  is 


S 

m 


S 

max  -t- 


2 


min 


(Reference:  Equations  (6a,  b)  Reference  (14). 


(3) 


(*) 


Figure  28  also  shows  the  line  for  R  »  0.  The  stress  ratio  R  is  a  consnon 
fatigue  parameter  used  in  the  U.S.  It  is  defined  as: 


S  .  /  S 
min  max 
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Data  in  Figure  28  shows  that  hollow  cylinders  have  a  lower  fatigue 
stress  for  107  cycles  than  obtained  by  torsion  and  push-pull  tests.  This 
difference  was  also  pointed  out  in  Reference  (14),  in  connection  with 
discussion  of  the  fatigue  data  reported  by  Watervliet  Arsenal,  Reference  (43). 
Attempts  have  been  made  to  correlate  the  data,  but  overall  correlation  cannot 
be  obtained  and  is  not  apparent  at  this  time.  Apparently  there  are  some  other 
effects  involved,  it  may  be  that  fluid  under  pressure  has  a  detrimental  effect 
such  aa  helping  to  propagate  cracka  by  a  wedge  type  of  loading. 

Autofrettaged  cylinders  also  show  the  lowest  fatigue  strength,  lower 
than  shrink-fitted  cylinders.  This  is  believed  to  be  due  to  an  effect  of 
cycling  upon  the  residual  stresses.  The  residual  stresses  result  from  plastic 
deformation  during  the  autofrettage  process.  This  residual  stress  state  may 
not  reach  a  lower  and  elastic  repeatable  value  until  after  several  pressure 
cycles.  The  steel  may  exhibit  a  Bauschinger  effect  and  hysteresis.  These 
effects  would  contribute  to  the  lower  fatigue  strength  for  the  autofrettaged 
specimens.  The  autofrettage  data  point  on  the  compressive  side  of  Figure  28 
is  a  corrected  value.  It  apparently  was  mistakenly  reproduced  on  the  tensile 
side  of  Figure  28.6,  Reference  (34). 

The  data  all  show  an  increasing  trend  for  the  semirange  shear  stress, 
Sr>  when  the  mean  shear  stress,  S ,  is  decreased.  The  stress  S  ,  is  proportional 
to  the  range  of  the  applied  pressure,  p.  Therefore,  lncreaslngrS  Increases  the 
pressure  capability.  But  this  does  not  siean  S  <  0  is  necessarily  desirable 
for  as  pointed  out  in  Reference  (14),  Sn  ■  0  cSrresponds  to: 

<V.  -  -  T  (5) 

where  (<J0)m  is  the  mean  hoop  stress.  This  means  that  the  minimum  hoop  stress, 


(Vmin  "  •  P  (6) 

and  the  maximum  hoop  stress  is  1 


when  there  is  no  residual  bore  pressure,  i.e.,  the  hoop  stresses  are  entirely 
in  the  compressive  range  and  (Og)^  -  -  p  is  really  the  limitation  imposed  by 


,,,  Additional  information  and  conclusions  regarding  Figure  28  and  References 

( J6-42)  are  now  summarized  as  specific  points: 
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(1)  The  torsional  and  push-pull  data  in  Figure  28  are  for  specimens 
with  unprotected  surfaces  at  atmospheric  pressures, 

(2)  The  cylinder  data  are  for  virgin  specimens  with  surfaces  unpro¬ 
tected  from  the  pressurized  hydraulic  oil,  but  with  good,  honed 
Internal  surfaces. 

(3)  Runout  cylinder  specimens  (tested  below  the  endurance  limit), 
when  retested,  shew  a  higher  fatigue  strength^),  (This  is 
probably  due  to  what  is  known  as  a  "coaxing"  effect). 

(4)  Cylinder  specimens  that  are  honed  (re-honed)  after  heat-treat¬ 
ment  show  a  higher  fatigue  strength(38). 

(5)  Cylinder  specimens  with  a  rubber  protective  film  show  higher 
fatigue  strengths,  at  least  at  10®  cycles  and  less(38).  (There 
are  no  data  for  longer  life  testa). 

(6)  The  effect  of  anisotropy  on  the  fatigue  strength  has  been  observed 
in  torsional  tests(38). 

(7)  Compressive  push-pull  fatigue  strength  seems  to  decrease  after 
reaching  a  certain  value  of  mean  stress(^O).  However,  additional 
data  does  not  show  a  marked  decrease,  Figure  28. 

(8)  Push-pull  testa  in  oil  under  pressure  (44.8  ksi)  result  in  shorter 

fatigue  life  than  teats  conducted  in  air,  but  if  the  specimen 
surfaces  are  protected  by  a  rubber  film,  then  the  fatigue  life  is 
longer  than  in  air  with  no  pressure (41).  (For  reversed  loading, 
the  numbers  for  endurance  limits  are:  (a)  ~  ±35  kai  in  air 

(b)  ~  ±32  ksi  under  pressure,  and  (c)  ~  ±37  ksi  under  pressure, 
protected). 

(9)  Under  fluid  pressure  of  44.8  ksi,  there  are  no  fatigue  failures 
at  mean  compressive  stresses,  but  only  yielding(41) . 

(10)  In  torsional  tests  on  solid  specimens,  the  effect  of  liquid  and 
pressures  is  similar  to  those  of  push-pull  tests:  (a)  for 
reversed  testa  in  air  ±44  ksi,  (b)  in  oil  bath  (no  pressure) 

±39  ksi,  (c)  in  oil  under  pressure  (44.8  ksi)  ±38  ksi,  and 

(d)  in  oil  pressure,  protected  ±56  ksi(40),  The  same  trends 
have  been  also  observed  for  repeated  loading. 

(11)  Hltrided  surfaces  Increase  the  fatigue  strength^2). 

(12)  For  austenitic  stainless  steel  the  shear-stress  correlation  is 
poor.  This  has  been  explained  by  the  effects  of  "natural"  auto- 
frettage,  etc.  (42). 

Thus,  although  the  fatigue  strength  of  ductile  steel  cylinders  has  been 
extensively  studied  there  are  still  some  unresolved  differences  between  cylinder 
testa  and  other  conventional  tests,  and  many  influential  factors  have  been 
uncovered.  It  must  be  emphasized  that  what  la  yet  needed  is  a  fatigue  study  of 
high-strength-steel  cylinders  under  cyclic  internal  pressure.  Until  such  a  study 
is  conducted,  the  best  that  can  be  done  is  to  postulate  the  fatigue  behavior  of 
hlgh-strength-steel  cylinders  based  upon  the  available  uniaxial  fatigue  data. 
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Manufacturing  Conalderat Ions 


The  material  tensile  strengths  and  fatigue  strengths  determined  on 
laboratory  specimens  may  not  be  realized  in  actual  containers  because  of 
manufacturing  limitations.  It  appears  that  yield  strength  levels  much  above 
Tv  '  j  ’000  Psl  are  difficult  to  achieve  in  H-ll  cylindrical  forgings  in  the 
I4rge  diameters  considered  in  this  study<44).  To  obtaln  higher  8tre„  th 

^arfe  diameter,  an  alternative  is  to  use  a  maraging  steel.  A 
250,000  psi  yield  strength,  18  percent  nickel  maraging  steel  cylinder,  can  be 
manufactured  in  relatively  small  sizes.  Non-uniform  properties  are  produced 
in  rings  manufactured  from  large  ingots,  the  sizes  of  which  are  required  to 
make  a  12-inch  ID  container.  The  maraging  steels,  moreover,  have  exhibited 
appreciable  notch  sensitivity  in  fatigue  tests(45). 

in  a,  Cylimjrlca!  f°rgings  can  also  be  expected  to  have  appreciably  different 
longitudinal  and  transverse  properties.  For  example,  the  transverse  ductility 
is  normally  expected  to  be  only  one-half  rhat  in  the  longitudinal  direction 
These  manufacturing  limitations  can  be  expected  to  reduce  somewhat  the  expected 
fatigue  life  of  container  designs. 


The  Autofrettage  Process 


The  autofrettage  process  has  found  extensive  use  as  a  means  of 
producing  compressive  residual  stresses  at  the  bore  of  a  cylinder.  In  particular 
it  has  been  used  on  gun  barrels(46).  A  cylinder  is  autofrettaged  by  an^itlal  ’ 
over  pressure  beyond  the  yield  pressure  but  below  the  plastic  collapse  pressure. 
The  autofrettage  pressure  produces  yielding  in  an  inner  annulus  of  the  cylinder 

tends°toXt*t 8  "  °f  bbe  bore-  Upon  release  of  the  pressure,  the  inner  annulus 

H  i  U  “  ten8,lle  Pe rmanent  set  (elongation)  but  is  restrained  from  doing 

so  by  the  outer  annulus  of  material  which  has  remained  elastic  or  in  the  extreme 
case  also  yielded  but  to  a  lesser  extent.  Thus,  the  outer  annulus  compresses 
the  inner  annulus  of  material  upon  release  of  pressure.  The  compressive  hoop 

the  tre  bal®nced  by  tensile  hoop  stresses  near  the  outside 

to  satisfy  the  equilibrium  condition  under  zero  bore  pressure.  Thus,  residual 

aVne  b0re  slmilar  t0  shrinking  the  cylinder  with  a 
hooping^1  18  ^  °rlgin  °f  the  French  word  "autofrettage"  meaning  "self- 

It  fa  not  intended  here  to  review  the  theory  of  autofrettage.  This 
has  already  been  very  well  done  in  a  report  by  Watervliet  Arsenal(46J.  However 
some  of  the  more  important  results  are  summarized  here  for' a  perfectly  plastic  ’ 
materia'  (no  strain  hardening).  The  application  of  the  process  to  high  strength 
di!cussedhe  eff8Ct  °f  3traln  hardeni"8  a"d  limitations  of  autofrettage  are  also 
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I 


frettaee  toblnd^,?^6"*  °verstraln"  ls  «■«»  In  connection  with  auto- 

J  in^icate  the  Percentage  of  the  wall  thickness  that  yielded.  One 
hundred  percent  overstrain  corresponds  to  plastic  flow  all  the  way  to  the  out- 

«  the  Z IVof  th  teT;,p?Tnt  aut°f retta8e"  is  also  used.  l/ia  defined 
.trill  ,  residual  hoop  stress  at  the  bore,  for  a  given  percent  over- 

theoretically  possible  for  a  given  wall  ratio.  It  can 

Sr  i^ll  ratio  V  18  aChieVed  f°r  100  perCent  ^strain 

than  100  MrfMf  f  F°r  K  <  2’2>  100  percent  overstrain  produces  less 

E“.: l°°  P*rcant>  autofret tage,  i.e.,  the  residual  hoop  stress  at  the  bore  is 
lower  in  magnitude  than  the  compressive  yield  strength. 


autofrettuff*  alS°.be  show"  for  100  Percent  overstrain  and  for  100  percent 
autofrettage,  the  maximum  autofrettage  pressure  is  Pmax  -  0.91  a„  where  a  is 
the  yield  .tre.a  for  a  perfectly  plastic  material.  Thus,  P  d  18 
tnan  o '  .  max  7 


ess 


process  t0  p”dict1  the  successful  application  of  the  autofrettage 

'trength  steels  it  is  important  to  consider  the  ductility.  The 

?a  V  m  w,  ’  WherC  *  18  the  tensUe  Strain  ln  inch/inch)  of  some  steals 

from^n"  ^bU  The3e  dSta  8re  f°r  Simple  tensile  tests  on  specimens 

1  .roda  °rbars-  In  lar«e  f°r8ings ,  it  can  be  expected  that  the 
longitudinal  ductility  may  reach  these  values  but  the  transverse  ductility 

Reference°fLtlrepti0n)  “S b°rC  mSy  bt?  °nly  1/2  £he  values  in  Table  IV. 
Reference  (44).  For  example,  consider  the  D-6A  steel  in  Table  IV  with  an 

expected  transverse  ductility  of  7  5  „  j  ,  i ,  an 

”  -j—  m  3.75  percent.  Compared  with  the  maximum 

0°^?,!C.ral"a  calc“l«ted  for  100  percent  autofrettage  for  a  -  250,000  psi, 

i  5  than,(Cf)"-  ThlS  C0I"paris^  shows  that^  theoreti¬ 

cally,  autofrettage  of  these  steels  In  Table  IV  should  be  possible  because  the 
percent  elongation  ls  greater  than  («n)  P  Decause  the 

u  max. 


TABLE  IV.  DUCTILITY  OF  STEELS 


Steel 

Tensile  Yield 
Strength  o  ,  ksi 

V 

Elongation 
(100  c),  percent 

AISI  4340 

228 

11.0 

130 

21.0 

270 

11.0 

AISI  H-ll  (modified) 

244 

10.0 

D-6A 

250 

7.5 

187.  Ni  maraging 

268 

11.0 
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However,  caution  is  urged  here;  the  ductility  values  are  given  for 
a  necked  down  specimen.  A  better  value  may  be  the  strain  from  a  (conventional) 
stress-strain  diagram  at  the  peak  of  the  curve  where  the  stress  begins  to  fall 
off.  For  example,  for  H-ll  steel  at  the  peak, 

o  »  300,000  psi  at  *  ,  «  0.060 

u  peak 

In  the  transverse  direction,  (*n)peak  rai8ht  be  0.030.  However,  (*g)max  * 

0.0275  at  a  ■  250,000  psi  and  R  ■  2.0.  Thus,  the  difference  between  (*Q)max 
during  autoirrettage  and  the  fracture  strain  of  the  material  may  be  smaller 
than  indicated  by  the  ductility  figures  in  Table  IV. 

This  discussion  Indicated  that  autof rettaglng  of  high  strength  steels 
is  a  possibility.  However,  it  should  be  ascertained  whether  the  ductility  in 
the  transverse  direction  is  great  enough  to  avoid  fracture  during  autofrattage. 
Further  discussion  of  strain-hardening  effects  in  autofrettage  is  given  in  a 
later  section. 


Analysis  of  Mul  ti-rlng  Containers 


Multi-rlna  Container  Designs  for  2S0,000  psi 


A  multirring  container  of  shrink-fit  assembly  was  first  considered. 

It  was  to  have  a  12.0-inch  diameter  bore  and  a  pressure  capability  of  250,000 
psi  based  upon  a  fatigue  strength  criterion.  Both  H-ll  and  Maraglng  300  high- 
strength  steels  were  considered  for  the  liner  material.  An  compressive  yield 
strength  of  at  least  250,000  psi  was  preferred  because  the  liners  ware  to  be 
designed  with  a  prestress  of  this  value.  However,  these  steels  were  found  to 
be  impossible  to  obtain  in  forgings  of  the  size  required,  with  guaranteed 
properties  at  these  high  strength  levels  (corresponding  to  ultimate  tensile 
strengths,  280,000  to  300,000  psi).  Higher-strength  steels  with  >  300,000 
psi  such  as  a  bearing  steel,  were  not  considered  because  they  were  expected 
to  be  beyond  the  optimum  point  of  the  fatigue  strength  versus  ultimate  strength 
curve,  Figures  24,  25,  and  26.  Also,  more  brittle  failures  and  greater  notch 
sensitivity  (Figure  26)  under  fatigue  loading  can  be  expected  in  steels  at  too 
high  a  strength  level.  It  appears  that  250,000  psi  is  the  maximum  ultimate 
tensile  strength  achievable  in  forgings  with  the  large  sizes  of  Interest. 

This  corresponds  to  a  tensile  yield  strength  of  about  225,000  psi  and  an 
expected  compressive  yield  strength  perhaps,  10  percent  greater. 

It  was  decided  that  the  maximum  ultimate  strength  level  to  be 
considered  should  be  o  -  250,000  psi.  From  Reference  (14),  Equation  (44) 
given: 


p  «  2a  o 
max  r  u 


(8) 


<19 


/ 


for  large  overall  wall  ratio,  K.  For  p  »  250,000  psi  and  u  -  250,000  psi, 

the  semi-range  fatigue  parameter  w  liasmt!o  be  0.5.  From  the  average  fatigue 
data  for  both  H-ll  and  maraging  steels  in  Figure  42,  Reference  (14),  page  165, 
a  *  0,50  C#n  bS  exPected  t0  8lve  al>°<Jt  104-105  cycles  life  (under  Ideal 
conditions).  However,  lifetimes  of  105  cycles  and  greater  are  Indicated  by 
the  fatigue  data  for  H-ll  In  Table  XLII,  page  166  of  Reference  (14). 

For  the  outer  rings  of  the  container,  It  was  considered  best  to  reduce 
the  strength  levels  required.  High  strengths  are  more  difficult  to  achieve  in 
larger  sizes  and  lower  strength  requirements  correspond  to  more  ductile  conditions 
and  a  safer  design.  Accordingly,  with  the  selected  strength  levels  shown  in 
Table  V,  it  was  found  necessary  to  use  5  rings*.  Table  V  also  gives  the 
dimensions  of  the  rings.  The  material  of  the  liner  and  the  second  ring  are 
expected  to  be  H-ll  steel  and  the  outer  rings  an  AISI  4340  or  comparable  steel. 

The  tensile  strength  of  the  liner  is  given  because  this  is  the  typically  avail¬ 
able  data  and  fatigue  predictions  have  been  made  on  this  basis.  However,  the 
liner  must  also  have  a  compressive  yield  strength  of  250,000  psi  because  the 
liner  bore  is  compressed  (shrunk)  to  this  value. 

The  dimensions  of  the  design  (Table  V)  have  been  calculated  so  tl  Jt 
the  design  la  optimum  for  the  material  strength  levels  chosen.  For  an  optimum 
design,  it  can  be  shown  that  the  wall  ratios  must  be  related  as  follows: 


k 


2 

n  +  1 


n  ^  1 


(9) 


where  kn  -  OD/ID  for  ring  number  n,  and  On  »  strength  of  ring  number  n. 

Calculations  were  performed  using  computer  code  MULTIR.  The  mean  hoop 
stress  for  the  liner  was  preset  to  (o  )  .  125,000  psi.  Thus,  for  p  -  250,000 

psi  and  (°q)  “  1/2  P  at  the  limit,  the  maximum  hoop  stress  is  (a^J*  *  0. 

(This  corresponds  to  a  maximum  shear  stress  of  p  /2  ■  125,000  psi.  Xffowing 
^a0^max  ^  ®  w°uld  increase  the  maximum  shear  strefs  and  may  cause  premature 
fatigue  failure).  For  the  outer  rings  the  shear  fatigue  criteria  has  been  used. 
(The  outer  ring  can  be  considered  as  a  safety  ring.  A  factor  of  safety  of  about 
1.6  on  the  fatigue  strength  was  used  on  the  outer  ring.)  The  pressure  capability 
calculated  la 


p  ■  255,479  psi  for  the  5-ring  container. 


(10) 


*  This  is  based  upon  available  uniaxial  fatigue  data.  Biaxial  and  triaxial  fatigue 
data  for  the  cylinders  under  pressure  are  not  available  for  high  strength  steels. 
If  higher  strength  levels  than  those  of  Table  V  could  be  used,  then  it  would  be 
poeslble  to  design  a  4-rlng  container. 
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TABLE  v-  srsss  ssfisr  strengths  of  rings  for 


Ring 

Number 

ID, 

inches 

0D, 

inches 

Ultimate  Tensile 
Strength,  ksi 

Yield  Tensile 
Strength,  ksi 

1 

2 

3 

4 

5 

12.0 

21.0 

33.5 

47.8 

68.2 

21.0 

33.5 
47.8 
68.2 

91.6 

300,000 

250,000 

200,000 

200,000 

175,000 

260,000 

215,000 

170,000 

170,000 

150,000 

given  in  lnterference-to-radius  ratios  (A  ,/r  )  are 

assembly  of  rines  from  rhe^  316  the  assembly  interferences  (6  ?r  j?  for 

VI  .r.  .a™,  ,0  be  ...  „lgb  f.t 


TABLE  VI.  REQUIRED  INTERFERENCES  FOR  THE  5-RING  DESIGN 


Manufactured 

— - - 

Between 

Interference  Ratio, 

A 

Assembly  Interference  Ratip, 

Rings 

Number 

n 

r 

5  /r 
n  n 

n 

Inside-Out 

Outside-In 

1  and  2 

2  and  3 

3  and  4 

4  and  5 

0. 00406 

0.00265 

0.00288 

0.  000434 

0.  00406 

0. 00388 

0.00465 

0.00257 

0.00891 

0.00529 

0.00315 

0. 000434 

the  rings  that 

jt*—-  ■  r:r  ?s. 
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Cons 


(11) 


2ti  r  Ln 
P  "  2000  qn’ 

where  L  •  length  of  rings,  inches,  2n  r  Lu  =»  the  lateral  surface  area,  in^, 
and  where  is  the  interface  pressure  (luring  assembly,  corresponding  to  6  . 
For  the  calculations  L  »  120  inches.  Results  are  given  in  Table  VII.  PreSs 
forces  above  30,000  tons  are  required  to  assemble  the  5-ring  container. 


TABLE  VII.  REQUIRED  PRESS  FORCES  FOR  ASSEMBLY  OF  THE 
5-RING  CONTAINER 


Assembly  of  Rings 


Assembly  Inside-Out 


Required  Force  P,  tons 


2  onto  1  11,300 

3  onto  1  and  2  17,400 

4  onto  1,  2,  and  3  31,00C 

5  onto  1,  2,  3,  and  4  22,400 


_ Assembly  Outside-In _ 

Assembly  of  Rings  Required  Force  P,  tons 


4  into  5  2.60C 
3  into  4  and  5  18,200 
2  into  3,  4,  and  5  27,800 
1  into  2,  3,  4,  and  5  34,300 


Because  the  interferences  are  high  and  the  required  press  forces 
estimated  for  the  5-ring  design  are  so  high  (based  on  p.  »  0.1),  it  was  decided 
to  investigate  a  7-ring  design  to  determine  how  much  less  press  force  per  ring 
may  be  required  if  more  rings  were  used.  Tables  VIII,  IX,  and  X  give  the 
dimensions,  interferences  and  required  press  forces  for  the  7-ring  design.  The 
press  forces  required  are  lower  than  the  34,000  tons  for  the  5-ring  design,  but 
are  still  relatively  high,  Thus,  the  advantage  from  the  asse...  ly  forces  stand¬ 
point  is  small  for  the  7-rlng  design.  However,  it  is  important  to  note  that  the 
OD  is  smaller  for  the  T-ring  design.  The  pressure  capability  for  the  7-ring 
design  of  Table  VIII  was  calculated  to  be 

p  ■  263,105  psi  (12) 

Results  of  the  computer  print  out  from  MULTIR  for  these  container  calculations 
are  on  file  for  future  reference. 
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M01  It  ibe  ^Pt  mi,"d  that  the  a,,erbly  f0“«*  «re  based  on 

one-half  wfth  JoJd  SriJatioi*  d  ^°"  C°ef£lcl,nt  could  *  «d“«d  by  almost 
Proportionately  lubrlcatlon'  a"d  *■«*•  the  a...nbly  force,  would  be  reduced 


TABLE  VIII.  DIMENSIONS  AND  REQUIRED  STRENGTHS  OF 
RINGS  FOR  THE  7-RING  CONTAINER 


Ring  ID.  OD. 

Number  Inches  inches 


Ultimate  Tensile  Yield  Tensile 

Strength,  kai  Strength,  kei 


12.00 

18.62 

300,000 

18.62 

26.38 

250,000 

26.38 

33.  38 

200,000 

33.38 

42.20 

200,000 

42.20 

53.40 

200,000 

53.40 

67.60 

200,000 

67.60 

80.60 

175,000 

260,000 

215,000 

170,000 

170,000 

170,000 

170,000 

150,000 


TABLE  IX.  REQUIRED  INTERFERENCES  FOR  THE  7-RING  DESICN 


Between 

Manufactured 
Interference  Ratio, 

A 

Assembly  Interference  Ratio, 

Rings 

n 

r 

Vr 

n  n 

n 

Inside-Out 

Outside-In 

1  and  2 

2  and  3 

3  and  4 

4  and  5 

5  and  6 

6  and  7 

0.00265 

0.00194 

0.00213 

0.00212 

0.00213 
-0.  00060 

0.  00265 

0.00292 

0.00379 

0. 00436 

0.00477 

0.00232 

0.00905 

0.00679 

0.00522 

0. 00353 
0.00213 
-0. 00060 

TABLE  X. 


REQUIRED  PRESS  FORCES  FOR  ASSEMBLY  OF  THE 
7 -RING  CONTAINER 


_ Assembly  Inside-Out _ 

Assembly  of  Rings  Required  Force  P,  tons 


2 

onto 

1 

5,150 

3 

onto 

1  and  2 

7 ,  A20 

A 

onto 

1,  2,  and  3 

12,500 

5 

onto 

1,  2,  3,  and  A 

18,900 

6 

onto 

1 ,  2 ,  3 ,  A ,  and  3 

26,500 

7 

onto 

1,  2,  3,  A,  5,  and  6 

15,000 

_ _ Assembly  Outside-In _ 

Assembly  of  Rings  Required  Force  P,  tons 


6  into  7  0 
5  into  6  and  7  7,9."° 
A  into  5,  6,  and  7  13,80. 
3  into  A,  5,  6,  and  7  17,200 
2  into  3,  A,  5,  6,  and  7  23,900 
1  into  2,  3,  A,  5,  6,  and  7  26,900 


Pressure  Capability  of  Multi-ring  Containers  at  Temperature 


This  discussion  refers  to  the  two  multi-ring  container  designs  described 
In  the  previous  sections.  That  analysis  was  based  on  room  temperature  strengths. 
The  reduction  of  pressure  capability  for  higher  temperature  operation  is  now 
considered  for  two  conditions; 

(1)  Uniform  change  in  temperature 

(2)  Change  in  temperature  accompanied  by  thermal  gradient  through 
the  wall  of  the  container, 

Effect  of  Uniform  Temperature  Change.  It  is  first  assumed  that  the 
container  is  preheated  to  temperature  uniformly  and  slowly  so  that  there  is 
negligible  temperature  gradient  across  the  wall  of  the  container.  There  are  two 
significant  effects  of  the  temperature  change: 

(1)  The  elastic  moduli  E  decrease  with  temperature.  This  in  turn 
de  creases  the  shrink  fit  residual  pressures  q  in  proportion  to 
the  change  in  the  En- 
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(2)  The  strengths  of  the  rings  decrease  with  temperature.  Both  of 

these  effects  reduce  the  pressure  capability.  For  high-strength 
steels,  the  latter  effect  (2)  is  greater.  Figures  29,  30,  and  31 
from  Reference  (47)  show  the  decrease  in  strength  versus  temper¬ 
ature  for  the  three  steels  considered.  At  500  F,  the  strengths 
are  reduced  as  follows: 


T 

183,000 

0.915 

a _ 

"  200,000 

RT 

3t 

256,000 

0.915 

aRT 

’  280,000  " 

°T  242, 

,000 

RT 


275,000 


.880 


Consequently,  the  Internal  pressure  p  must  be  reduced  by  the 
minimum  ratio  for  the  steels  used,  l.e, ,  if  maraging  ateel  is 
used,  p  must  be  reduced  to: 

p  -  0.880  (250,000)  -  220,000  psi*  (13) 

for  500  F  operation.  At  800  F,  the  strengths  are  further 
reduced  as  follows: 

°T  136.000  - 

(a)  AISI  4340  -  -  "  ^00^000  "  0.68 

RT 

JT  233,000  „  D,, 

(b)  AISI  H-ll  -—  -280^000  "  °-833 

RT 


°T  223,000  „ 

(c)  187.  Ni  maraging  -  —  -  275  000  “  °-81J 

RT 

Using  the  smallest  ratio,  the  pressure  p  must  be  reduced  to 

p  -  0.68  (250,000)  -  170,000  psi  (I4) 

for  800  F  operation. 

Exposure  of  AISI  4340  steel  to  temperature  above  800  F  is  not  recom- 
i.iended ,  of  course,  because  a  reduction  in  room  temperature  properties  will  result. 
Maraging  steels  are  aged  at  900  F  and  would  not  generally  be  used  above  800  F  for 
long  times.  Therefore,  operation  above  800  F  is  not  possible  unless  the  container 
could  be  made  entirely  of  H-ll  steel.  In  thiB  'case,  the  reduction  in  pressure 
capability  from  Figure  30  is: 

p  -  28o'b6~5  (250-000>  "  173’000  P‘l  ’  (15) 


★  it  is  assumed  in  this  calculation  that  the  fatigue  strength-to-ul tlmate  strength 
ratio  is  the  same  at  elevated  temperature  as  it  is  at  room  temperature. 
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FIGURE  29.  TENSILE  ULTIMATE  AND  YIELD  STRENGTH  VERSUS  TEMPERATURE 
FOR  AISI-4I40  STEEL  HEATED  TO  200,000  PSI 
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FIGURE  30.  TENSILE  ULTIMATE  STRENGTH  OF  AISI-H1I  ALLOY  STEEL 
VERSUS  TEMPERATURE  AFTER  VARIOUS  EXPOSURE  TIMES 
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Stress ,  1000  psi 


FIGURE  31.  TENSILE  ULTIMATE  AND  YIELD  STRENGTH  OF  18Ni-9Co-5Mo 
MARAGING  300  STEEL  VERSUS  TEMPERATURE 
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for  1000  F  for  short  time 
at  temperature  may  result 
further,  i.e.  , 


exposure.  It  Is  noted  from 
In  creep  rupture  unless  the 


Figure  30  that  long  time 
pressure  is  reduced  still 


p  ■  (250,000)  -  143,000  psi 


(16) 


for  100  hours  at  1000  F  for  a  container  made  entirely  of  H-ll  steel, 

°-f  Tercperature  Gradient.  If  a  temperature  gradient  is  produced 
rough  the  wall  of  the  container,  the  pressure  capability  is  reduced  still 
further,  because  of  the  resulting  thermal  stresses.  For  steady-state  heat 
transfer  from  the  inside  to  the  outside,  compressive  stresses  develop  on  the 
inside  and  tensile  on  the  outside*  according  to  the  formulas  in  Reference  (46). 

I  is  found  that  a  100  F  temperature  differential,  from  the  ID  to  OD,  produces 
stresses  of  about  -19,500  psi  and  +6,500  psi  at  the  ID  and  OD  respectively  for 

A®  n/t  6  -  K  -  7  (in  the  ran8e  “f  the  container  designs,  Tables  V  and  VIII). 
A  100  F  temperature  differential  is  the  maximum  that  can  be  allowed.  Anything 
greater  will  substantially  change  the  residual  stress  distribution  and  may  cause 
compressive  yield  at  the  bore  and  tensile  yield  of  the  OD. 

inn  r.  U  *  c°ntal"er  designed  to  operate  with  a  temperature  differential  AT  > 

00  F  should  have  less  shrink-fit  residual  stresses  than  the  room- temperature 
°esi»ns-  A_des,ign  incorporating  a  temperature  differential  would  be  successful. 
however,  only  if  the  temperature  differential  and  thus  the  compressive  re.ld.,.l  ' 
stress  at  the  bore  could  be  accurately  controlled  and  malntlTned.  Tor 
consider  a  500  F  design  with  also  a  500  F  temperature  differential.  From 

J3,  ’  P  7  2?°’°00  psl  at  500  F-  A  thermal  hoop  stress  of  a  »  -195  (500) 
-97,500  psi  is  calculated  at  the  ID  from  AT  -  500  F.  The  manufacturfd  lnterferenc 
required  now  are  smaller,  i.e. , 


220,000 

450,000' 


220,000  -  (-97.5001 


-220,000 


']  5,  ■  “■ 


49  A 


(17) 


where  An  -  the  interference  in  Tables  VI  and  IX.  (A  total  compressive  prestress 
(  e)  mifn  “  -P  18  desired  for  (a0)  max.  *  o).  Thus,  the  Interference  and  also  the 
press  forces,  are  approximately  1/2  those  for  the  RT  design.  Of  course  this 
design  could  not  be  used  at  RT. 

The  above  calculation  assumes  that  all  rings  of  a  raulttring  container 
a”  8ame  material.  I'®..  «,  *  and  v  are  the  same  for  each  ring.  For  rings 
of  different  materials,  a  more  detailed  analysis  would  have  to  be  made.  However 
the  above  calculations  give  a  good  indication  of  what  can  be  expected  with  moat  ’ 
steel  materials. 


*  For  the  opposite  condition-heating  from  the  outside  in,  the  stresses  are 
reversed.  AT  becomes  negative  in  the  appropriate  formulas  in  Reference  (48). 
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Autofrettaged  Multtclng  Container  for  250,000  psl 


In  Tables  V  through  X,  the  design  requirements  for  5-ring  and  7-rlng 
shrlnk-fit  designs  were  given.  These  requirements  were  severe;  large  outside 
diameters  were  required,  and  consequently,  large  assembly  forces  (25,000  to 
35,000  tona),  were  predicted. 


Compressive  prestress  at  the  boro  of  a  container  can  also  be  provided 
by  using  the  autofrettage  process.  This  process  could  reduce  the  size  of 
containers  because  fewer  shrink  rings  would  be  needed  to  provide  the  required 
prestress.  Less  shrink-fit  also  means  lower  assembly  forces  would  be  needed. 

The  autofrettage  process  has  been  used  extensively  on  low-strength 
ductile  steels.  It  has  also  been  used  on  higher  strength  strain-hardening 
•teels  at  relatively  low  pressures  where  a  factor  of  safety  could  be  used. 
However,  the  successful  use  of  the  autofrettage  process  for  high-strength 
cylinders  for  high-pressure  applications,  at  low  factors  of  safety,  has  been 
Impossible  to  predict  heretofore  because  of  lack  of  confidence  in  theoretical 
predictions. 

Battelle  now  has  a  computer  program  (FEELAP,  finite  element  elastic- 
plastic  analysis)  that  has  the  capability  of  analyzing  the  elastic-plastic 
behavior  of  bodies  of  revolution  made  of  strain-hardening  materials.  This 
program  has  been  applied  to  the  autofrettage  problem  or.  the  present  design 
•.tudy. 


As  a  check  of  the  program,  a  strain-hardening  calculation  of  an  AISI 
4340  cylinder  was  performed.  Stress-strain  data  from  Reference  (47)  were  used. 
The  stress-etrain  curve  at  80  F  was  represented  by: 


a 


354,000  c0, 16  for  a  >  a  , 
e 


(18) 


where  ■  152,000  psi  at  the  elastic  limit,  and  s  «  total  strain. 

The  computer  results  for  the  strain-hardening  solution  are  shown  in  Figure  32 
along  with  the  experimental  data  from  Reference  (49).  There  is  very  good 
agreement  as  indicated.  Therefore,  it  was  believed  that  the  computer  program 
FEELAP  could  be  used  for  accurate  calculation  for  autofrettage  of  higher  strength 
AISI  H-ll  steel  cylinders  as  well. 

A  containerizes  ign  using  an  autofrettaged  H-ll  steel  liner  of  wall  ratio 
kj  -  2.0  was  analyzed,  A  sufficiently  large  wall  ratio  for  the  liner  is  needed 
in  order  for  the  autofrettage  process  to  be  successful.  It  is  assumed  that  the 


*  Since  this  calculation  was  made,  it  was  learned  that  large  H-ll  forgings  of  this 
strength  level  cannot  be  obtained (44) .  However,  this  analysis  indicates  also 
the  benefits  that  may  be  possible  for  autofrettaged  18%  Ni  maraglng  steel  liners 
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Residual  Hoop  Stress ,  an ,  ksi 


^Uld  /  autoff“fl8ed  bV  overpressure,  finish  machined  by  grinding  to 
final  dimensions,  and  then  shrink-fit  assembled  Into  two  outer  rings  a 

KKHcrt?!  Lee-  -°f  00  and  a  12-inc,1-^*“ter  bore  is  not  considered 

practicable  because  of  heat  treatment  difficulty  of  large  sections  A  large 

3?  lWe  !  K’  18  nCCeflSflry  t0  k6ep  Che  t0tal  in  hoop  strll? 

„  _  .  K2  +  l 


where , 


K  -  1 
K  -  OD/XD. 


Thus>  ae  *  250-000  (f)  “  416,000  psi,  for  K  -  2.0, 

Og  -  250,000  (-^— )  =  311,000  psi,  for  K  «  3.0, 

CT6  “  250,000  (ij)  ■  283,000  psi,  for  K  ■  4,0, 

*"d  P  "  2^A000  PBI-  An  ovc'ra11  wal1  ratio,  K  -  4.0,  Is  sufficiently  large- 
8  “  283,000  <  300,000  psi,  the  maximum  ultimate  tensile  strength  of  H-l/stcel*. 

.  ,  Reference  (30)  gives  a  stress-strain  diagram  for  H-ll  steel  of  300  000 

Ih° 

°  "  406,000  for  a  >  ,j  (  ^0) 

wh#r*  °  "  251,000  psi  at  the  elastic  limit. 

£°-  •““Staging  a  liner  of  this  steel  are  shown  in  Figure  33.  The 
autofrettage  pressure  is  p  -  202,000  psi.  The  residual  stress  at  the  bore 

percent  °h *?***?*  *2°oA^  PSi'  The  cylinder  was  not  autofrettaged  100 

r  eurve  «  r/r  y  TaL  8°p*r“nt  (aa  noted  ln  Fi8ure  33  «  the  peak  in  the 
i  r  9  -  1,®)’  Autofret taging  to  100  percent  (making  the  cylinder 

contLolVnM  ^  autofretta8e  Pressure),  is  not  recommended  because  of 

to  be  1-e  >  attthls  linllc  ^e  0D  begins  to  expand  rapidly  and  has 

to  be  restrained  to  avoid  failure  by  bursting. 

addition-/  AnCnLh0°?  pre“ress  of  -250,000  psi  is  desired  at  the  bore.  The 
rin«  mi  ^?,00°  P5i  be  provlded  hy  shrink-fit  assembly  of  two  outer 
fj  !  \  The  dimensions  and  required  strengths  for  this  3-ring  container  are 

Hm  of1"  lfbl6  30 ’  ThC  stren8th  required  in  the  outer  ring  is  only  175  000  psi 

S.S  -“S'Lsrss.1™1-  zoo-”M  ■*“  •  ?."«*  p,‘- 


*  The  total  range  in  hoop  stress  c0  »  o  «  30 
(where  a.  .  (ct0)  r/cy  for  105  cycles", i fe . 


°u  “  300,000  psi  is  equivalent  to  Q- 

,  a  u  ■  t  r„  r 


1  12 


Stress,  ksi 


FIGURE  33.  RESIDUAL  STRESSES  IN  AUTOFRETTAGED  AISI-HU  STEEL  LINERS 
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TABLE  XI.  DIMENSIONS  AND  REQUIRED  STRENGTHS  01  RINGS  FOR  THE 
3-RING  CONTAINER  WITH  AN  AUTOFRETTAGED  LINER 


Ring  ID,  OD, 

Number  Inches  Inches 


Ultimate  Tensile 
Strength,  ksl 


Yield  Tensile 
Strength,  ksl 


1  12,0 

2  24.0 

3  36.0 


24.0  300,000 
36.0  210,000 
48.0  175,000 


260,000 

180,000 

150,000 


TABLE  XII.  REQUIRED  INTERFERENCES  FOR  THE  3-RING  DESIGN 


Manufactured 
Interference  Ratio, 
Between  A 

Rings  jn 

Number  rn 


Assembly  Interference  Ratio, 


Inside-Out  Outside-In 


1  and  2 

2  and  3 


0.00190 
0. 00031 


0.  00190 
0.00094 


0.00208 

0.00031 


table  XIII .  REQUIRED  PRESS  FORCES  FOR  ASSEMBLY  OF 
THE  J-RINC  CONTAINER 


Assembl y 

Inside-Dut 

Assemblv 

of  Rings 

Required  Force  P,  tons 

2  onto  i 

3  onto  ] 

1 

1  and  2 

6 , 000 

3,970 

Assembl y 

Outside-In 

Assembly 

of  Rings 

Required  Force  p,  tons 

2  into  3 

1  into  2 

and  3 

1  ,025 

8,500 

■  i.  sg’a=-*:.s=i 

with  use 
frettage 


The  growth  of  the  1  tner  fro™ 
of  the  computer  code  FEEI.AP. 
are 


autofrettage  has  also  been  calculated 
The  residual  hoop  strains  after  auto- 


^*9^res.  “  (,-0075  at  the  bore, 

^*0^res.  "  °-002'3  at  the  OD. 

Thus,  the  change  in  diameter  is  predicted  to  be 

40  -  0.0075  (12)  =  0.090  in.  at  the  ID, 
4D  -  0.0023  (24)  =  0.055  in.  at  the  OD. 


pointed  out.  There  areasLo°possibledd isad  Pr®8entS  ™any  advantages  as  already 
show  that  the  fatigue  strength  b  !  d isadvantages ,  however.  Burns  and  Parry(36) 

lower  than  that  of  shrink!fuJed  cW  nle'^T"  Is  20  t0  25  P^cent" 

expected  for  autofrettaged  cylinders  ih  e  ’  leSS  fatiBue  life  can  be 
is  believed  that  the  refidua^  =tl  1  H  f°r  'oraPletely  shrink-fitted  ones.  It 
down  to  lower  values  with  continuous  cvr ?■ autof^®tta8ed  cylinders  tend  to  shake 
For  example,  the  change  in  residual  srrainT  ,Thls  watrants  further  investigation, 
easily  determined  by  use  of  strain  elves  8  flrSt  fe“  Cycles  be 

possibility  of  a  Bauschinger  effect  and  co  expeflraenfal  cylinder.  Also,  the 

a,so  be  inwsti8ated  —  ^rr^’t^rfiers^8 


1  15 


I 


The  total  operating  (maximum)  stresses  and  residual  (minimum)  stresses 
(autof re ttage  residual  stress  ►  shrlnk-fit  stresses)  arc  given  in  Tables  XIV  and 
XV.  The  stresses  for  Rings  2  and  3  were  based  on  shrink  fitting  only. 

The  stresses  for  Ring  1  Include  the  computer  results  for  shrink-fit  plus  the 
aucofrettage  residual  stresses. 

^  i  A  fatigue  life  of  10^  cycles  is  expected  for  the  liner  and  a  life  of 
10  -10  cycles  is  expected  for  the  outer  two  rings  for  these  residual  stresses. 
However,  reduction  of  the  autofrettage  residual  stresses  during  cycling  may 
result  in  a  lower  fatigue  life  than  10^  cycles  for  the  liner. 


TABLE  XIV.  MAXIMUM  OPERATING  STRESSES  IN  AUTOFRETTAGED 
MULTI -RING  CONTAINER 


Radius , 
inches 

Radial  Stress, 
psi 

Hoop  Stress, 
psi 

Shear  Stress, 

psi 

Maximum  Stresses  in  Ring  No. 

_1_ 

6.0 

-250,000 

31,210 

140,600 

12.0 

-  68,380 

119,460 

93,920 

Maximum  Stresses  in  Ring  No. 

_2 

12.000 

-  68,375 

108,542 

88,458 

18.000 

-  19,231 

59,399 

39,315 

Maximum  Stresses  in  Ring  No. 

_3 

18  000 

-  19,231 

68,682 

43,957 

24.000 

0 

49,451 

24,726 

TABLE  XV.  MINIMUM  RESIDUAL  STRESSES  IN  AUTOFRETTAGED 
MULTI -RING  CONTAINER 


Radius , 

Radial  Stress, 

Hoop  Stress, 

Shear  Stress, 

Inches 

psi 

psi 

psi 

Minimum  Stresses 

in  Ring  No.  1 

6.0 

0 

-250,000 

-125,000 

12.00 

-18,750 

36,750 

27,750 
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TABLE  XV.  (CONTINUED) 


Radius , 
Inches 

Radial  Stress, 
psl 

Hoop  Stress, 
psl 

Shear  Stress, 
psl 

Minimum  Stresses  in  Ring  No.  2 

12.000 

-18,750 

25,835 

22,292 

18.000 

-  6,365 

13,450 

9,908 

Minimum  Stresses  In  Ring  No.  3 

18.000 

-  6,365 

22,733 

14,549 

24. 000 

0 

16,368 

8,184 

Fluid-Support  Container  Design  for  450,000  psl 


A  rlng-fluld-rlng  container  design  with  only  one  ring  In  the  Inner 
unit  was  considered.  (See  Figure' 6).  A  f luld-supported  liner  with  a  bore 
pressure  p  and  a  support  pressure  p  Is  assumed.  The  pressure  cycles  are 
assumed  to  be  proportionate  and  to  vary  from  0  to  the  maximum  values  of  p 
and  p^  respectively.  It  is  presupposed  that  if  the  maximum  hoop  stress 
at  the  bore  la  kept  at  zero,  then  a  long  fatigue  life  will  be  achieved.  Two 
conditions  of  axial  stress  are  considered:  zero  axial  stress,  a  ■  o;  and  - 
-Pj  for  the  case  when  the  pressure  p^  also  acts  over  the  ends  of  the  liner. 

If  the  hoop  stress  at  the  bore  of  the  liner  Is  to  be  kept  at  zero, 
then  the  external  pressure  p^  on  the  liner  must  be 


Po  (K2  4 


n>i 

-  2 


(21) 


where  po  •  bore  pressure,  and  the  maximum  hoop  stress  Is 

(a.)  -  p  V— -  -  2  -r* -  -  0  , 

9'max  o  K2  _  1  Pj  R2  .  y 


for  an  elastic  stress  state.  The  maximum  shear  stress  at  the  bore  is 
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(22) 


J2 

2 


For  p  -  450,000  psl,  S  -  225,000  psl.  Therefore,  e  high-strength  materiel 
capable  of  withstanding  “is  high  shear  stress  Is  required.  If  It  Is  assumed 
that  a  hydrostatic  pressure  p  does  not  Increase  the  vield  strength*,  then  a 
material  like  H-ll  for  example  will  yield  at  pressures  below  p  «  450,000  psl. 
Then  fore,  It  Is  necessary  that  an  elastic-plastic  analysis  be°conducted.  It 
Is  expected  that  the  liner  will  be  autofrettaged  (shake  down  to  'ilastlc  stress 
cycling)  after  Initial  plastic  yielding  on  the  first  application  of  pressure. 

It  Is  desired  that  the  fluid  support  pressure  be  p1  «  250,000  psl. 
Equation  (21)  shows  that  a  wall  ratio  of  K  -  3  Is  then  required  for  a  .  o  If 
the  stress  state  wea  entirely  elastic.  An  alternative  Is  chosen.  A  wall  ratio 
K  "2  Is  tried  corresponding  approximately  to  the  proposed  derlgn  with  a  6-lnch 
ID  and  a  11.75-inch  OD  liner.  This  means  that  the  liner  will  have  a  shorter 
fatigue  life  (because  of  higher  stresses  for  smaller  K),  but  a  fluid-supported 
liner  can  easily  be  replaced  when  It  falls.  However,  whenever  possible  In 
design,  It  Is  recommended  that  p^  and  K  be  chosen  to  satisfy  Equation  (21), 

The  elastic-plastic  autofrettage  analysis  waB  performed  using  the 
computer  code  FEELAP,  previously  described.  Two  problems  were  solved: 


Problem  I 


Problem  II 


P0  ■  0  to  450,000  psl, 
Pj  ■  0  to  250,000  psl, 

Gz  "  °- 

K  -  2.0, 

PQ  ■  0  to  450,000  psl, 
p^  ■  0  to  250,000  psl, 

az  ■  -pl* 

K  -  2.0. 


The  pressure  cycle  Is  Illustrated  in  Figure  34.  The  strain-hardening  properties 
of  H-ll,  Reference  (50)  were  used.  (Any  effect  of  hydrostatic  pressure  on  the  stresi 
strain  curve  was  neglected). 


The  Important  results  of  the  analysis  are  given  in  Table  XVI.  It  la 
evident  that  fluid  end  pressure,  a  -  -p,  for  Problem  II,  Is  beneficial,  l.e., 
for  a  ■  0  the  percent  overstrain  is  96  percent,  whereas  for  a  »  -p  the  percent 
overstrain  is  82  percent.  The  corresponding  resldusl  strains  Ire  0.04068  and 
0.00823  respectively  at  the  bore.  These  amount  to  a  growth  In  a  6-lnch  ID  of 


*  It  is  known  that  a  hydrostatic  pressure  does  Increase  the  ductility.  References 
(43),  (44),  and  (45)  of  Reference  (14). 
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PfWiure 


Pb  »  0  to  450  ksi 
Pi  ■  0  to  250  ksi 

FIGURE  34.  ASSUMED  PRESSURE  CYCLES  ON  A 
FLUID  SUPPORTED  LINER 
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A|)  .  0.04068(6)  -  0.2  '|08  inch,  and 

AD  «  0.00823(6)  *  0.04938  Inch,  respectively. 

The  diameter  changes  at  the  0D  are 

Ad  -  0.00354(12)  »  0  .  04248  inch,  and 

AD  “  0,00186(12)  «  0.02196  inch,  respectively. 

From  these  results,  it  is  evident  that  the  all-around  hydrostatic  condition 
(p.  ■  250,000  pal)  of  Problem  II  Is  to  be  preferred.  For  the  first  case  I, 
any  slight  reduction  in  material  strength  could  result  in  gross  plastic 
deformation  beyond  the  96  percent  predicted,  whereas  for  II  a  margin  of  safety 
above  82  percent  is  available. 


TABLE  XVI.  RESULTS  OF  COMPUTER  CALCULATION  FOR  FIRST  PRESSURE 
CYCLE  OF  FLUID-SUPPORTED  LINERS (a) 


Condition 

Problem  I 
(zero  axial 

stress,  a  •  o) 
z 

Problem  II 
(axial  stress, 

°z  "  -pl> 

First  yield  pressure,  (p  )  ,  pal, 

P«1 

231 ,862 

128,800 

250,989 

139,400 

Maximum  hoop  strain  cg,  in/ln,  at  ID, 

at  OD 

0.04813 

0.00215 

0.01721 

0. 00286 

Residual  hoop  strain  «g,  in/ln,  at  ID, 

at  0D 

0.04068 

0.00354 

0.00823 

0.00186 

Overstrain,  percent 

96 

82 

Maximum  hoop  stress  ag,  psi,  at  ID, 

at  OD 

-125,000 
-  5,000 

-120,000 
-  60,000 

Residual  hoop  stress  og,  psi,  at  ID, 

at  0D 

-205,000 

120,000 

-200,000 

55,000 

(a)  po  -  0  to  450,000  pal,  Pj  -  0  to  250,000  psi,  K  -  2.0. 
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It  is  difficult  to  predict  the  fatigue  life  of  the  fluid-supported 
autofrettaged  liner.  It  la  well  to  be  reminded  here  that  autofrettaged  cylinders 
are  weaker  In  fatigue  than  are  shrink-fitted  cylinders,  but  the  fluid-supported 
autofrettaged  liner  will  be  easier  to  remove  and  replace  than  a  liner  of  a 
shrink-fitted  container.  Thomas,  Turner,  and  Wall(**>  report  that  pressures, 
p,  up  to  290,000  psi  have  been  applied  many  times  to  a  monoblock  autofrettaged 
cylinder  of  285,000  psi  ultimate  tensile  strength.  Assuming  that  the  effective 
cyclic  pressure  in  the  present  case  (II)  Is  450,000-250,000  »  200,000  psi,  it 
may  be  expected  that  appreciable  fatigue  life  can  be  achieved.  However,  experi¬ 
ments  are  needed  to  determine  the  fatigue  strengths  of  liners  under  these 
conditions. 


Analysis  of  Additional  Loading  Effects  In  Liner 


Pressure  Discontinuity  on  Bore 


If  a  seal  Is  located  at  the  end  of  the  stem,  the  container  bore  will 
have  a  discontinuous  pressure  applied  to  It.  A  portion  of  the  bore  length  will 
see  the  full  fluid  pressure,  while  the  remaining  length  will  be  unpreasurlzed. 

The  stem  seal  will  mark  the  point  of  pressure  discontinuity,  and  during  the 
extrusion  stroke  this  point  will  move  down  the  length  of  the  container  bore. 

It  was  felt  that  axial  tensile  stresses  could  be  present  In  the  liner  In  the 
region  of  the  seal £  Such  stresses  are  not  accounted  for  by  the  Lame'  equations 
used  for  container  design.  Therefore,  these  additional  stresses  have  been 
calculated  so  that  their  effect  on  the  fatigue  life  of  the  container  liner  could 
be  considered. 

The  configuration  studied  Is  shown  in  Figure  35.  This  represents  a 
long  cylinder  of  wall  ratio  2.0.  Thus,  container  end  effects  were  not  Included. 
The  results,  however,  Indicate  that  such  effects  will  be  significant  only  when 
the  pressure  discontinuity  (or  stem  seal)  Is  less  than  about  one  bore  diameter 
from  the  end  of  the  container.  The  bore  pressure  Is  shown  In  Figure  35  to 
decline  rapidly  over  a  small  distance  (0.05)  to  zero.  This  is  believed  to 
closely  approximate  the  pressure  distribution  at  a  stem  seal. 

The  stress  distributions,  calculated  with  Battelle's  computer  program 
for  axisymmetric  bodies,  are  shown  In  Figure  36.  Axial  stresses,  o  ,  are  present 
near  the  point  of  the  pressure  drop,  and  on  the  bore  surface  these  approach  0.5 
times  the  fluid  pressure  at  the  pressure  discontinuity.  The  significance  of 
these  stresses  on  fatigue  life  was  evaluated  by  considering  the  maximum  shear 
stresses  In  this  region.  These  shear  stresses  are  relatively  moderate  and  the 
analysis  indicates  that  these  .local  stresses  In  the  seal  region  should  not  Unit 
the  fatigue  life  of  a  liner,  since  they  are  less  severe  than  these  predicted  by 
the  nominal  container  stress  calculations. 


*  A  liner  without  axial  fluid  end-pressure  Is  assumed  here. 
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FIGURE  36.  CALCULATED  STRESSES  FOR  A  LINER  WITH  A  DISCONTINUOUS 
PRESSURE  APPLIED  TO  THE  BORE 


Pressure  plsccitlnulty  on  OP  uf  Liner 


During  the  assembly  of  n  multi-ring  container  (as  one  ring  is  pressed 
onto  another),  axial  stresses  will  appear  in  an  inner  ring,  where  the  end  of  an 
outer  ring  bears  on  its  outer  surface. 


Such  stresses  may  result  in  a  tensile  failure  of  a  brittle  line  during 
assembly.  Also  in  the  design  of  side-bore  containers,  a  set  of  outer  s-.ink  rings 
may  be  separated  in  the  axial  direction.  If  the  rings,  are  not  closely  spaced, 
axially  critical  local  stresses  could  appear  where  the  ends  of  the  outer  rings 
ear  on  the  liner.  There  is  also  tho  question  of  how  close  the  rings  must  be 
spaced  to  maintain  the  compressive  hoop  stresses  at  the  liner  bore. 

The  configuration  considered  is  that  shown  in  Figure  35,  but  with  the 
constant  pressure  of  1.0  psi*  acting  on  its  outer  surface.  The  band  of  pressure 
represents  the  shrink-fit  pressure  of  an  outer  ring. 


The  calculated  stresses  are  shown  In  Figure  37  with  the  axial  stress 
approaching  a  value  of  about  0.5  times  the  applied  pressure.  Thus,  the  liner 

=  0.5  p 


-rr . . .  -  ui  auvuc  u.  a  times  the  applied  pressure.  Thus 

micerial  in  this  case  must  be  capable  of  withstanding  a  tensile  stress  o  =  u.o  p 
This  may  limit  the  press  fit  assembly  of  liner  materials  such  as  tungsten  carbide 
If  th«  raqulred  shrink-fit  pressure  p,  is  too  large. 


1 ' 


.  _  Consideration  cf  the  shear  stresses  showed  that  the  maximum  values  were 

nt  preaaure  discontinuity  but  at  the  bore  of  the  pressurized 

th*  cyllnder-  This  maximum  shear  stress  is  the  same  as  in  a  uniform 
shrink  fit  of  two  rings  of  equal  length. 


Stresses  in  Region  of  notch  fSeal)  In  Liner 


v  tflC  ,tem  8eal  is  seC  int0  the  llner>  a  notch  must  be  cut  in  the  liner 

The  question  arises  whether  a  large  stress  concentration  will  occur  at  this 
notch  which  will  reduce  the  liner  fatigue  life. 

To  answer  this  question,  stresses  were  calculated  for  the  notch  config- 
fh°n  Fl8“res  38  and  39-  Thls  geometry  was  suggested  by  a  design  used 
y  ASEA  in  Sweden;  where  possible,  sharp  corners  in  the  notch  were  rounded  to 
reduce  stress  concentration.  A  liner  of  wall  ratio  2.0  was  assumed  and  the  effect 
nr.«  I  rings  was  not  considered  in  the  analysis.  The  loading  was  a  hydrostatic 

Of  rh  ?V‘°  PBi  WhlCh  Was  taken  t0  act  on  the  container  bore  and  on  the  surface 
or  cue  notch. 


The  contours  of  maximum  shear  stress  are  shown  in  Figure  40  and  it  can  be 

of6?.,!  l  ,  °'aXimU!?  StreSS  18  n0t  at  the  notch’  but  within  the  pressurized  portion 
c°ntalner,  and  corresponds  to  the  stress  predicted  by  the  nominal  container 

and  30  f1lfUla“0na-  ThiS  *ndicatos  that  a  notch  of  the  design  shown  in  Figures  38 
and  39  will  r.ot  reduce  the  liner  fatigue  life. 


*  The  pressure  is  normalized  to  1.0  psi. 
proportional  to  the  pressure. 


Stresses  at  any  other  pressure  are 
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Drawing  scale 


FIGURE  38.  LOADING  AND  GEOMETRY  OF  THE  NOTCHED  LINER 


ur owing  Scale 


FIGURE  39.  DETAIL  OF  ASSUMED  NOTCH  GEOMETRY 


Analysis  of  other  Container  Oesifinw 
Sectored  Container  with  no  LI ncr 


inferior  to"/* ^  (14>’  *5  WaS  ShOWn  that  3  rlnR-se8">ent  container,  was 
strength  of  the  Tli*™*  "  ThiS  comparlso"  was  baaed  upon  the  fatigue 

Wilson  a„HRleuly’  c'1  8  rPPr  3t  thC  l!lRh  Pressure  Engineering  Conference (52), 
ilson  and  Skelton  show  that  a  sectored  vessel  is  superior  to  the  multi-ring 

Stiffness 'hV  vessel  !,as  110  Hner,  or  if  it  has  a  liner  of  zero 

eomLf  r  !u  Can  withstand  lar8r  Strain.  Their  evaluation  is  based  upon 
comparing  the  strength  of  the  liner.  Component  1  in  the  multi-ring  container. 

IThev  r  SCrenRth  of  the  £irst  backup  ring,  Component  2  of  the  aectored  container 
(They  ignore  the  strength  of  the  liner.)  “  r- 

uIf  3  Uner  iS  USGd  t0  aea!  ,he  Pressure  at  the  bore  from  entering 
fall  first6  a®8me"tS\t;he  analysis  in  Keference  (14)  shows  that  the  liner  will 
if  t  (s  a’  u  1S  necessary  to  c°nsider  a  high  strength  liner.  However, 

eL  oved  th^  V  ^  °f  Saallng  between  the  a*S"*nta  is 

employed  the  use  of  a  sectored  vessel  then  mav  be  worth  considering  This 

replace'the  Ur^T  T  "*  ^  “  -^^ctor. 

"'iT  j!***'  b'  ”£  *■  *  container  wtt  M  ££ 

but  with  a  bore  pressure  on  Component  2  (the  first  ring)  of 


■  1 


Po/kl 


In  Reference  (52),  the  maximum  burst  and  maximum  autofrettaae  pressures 
were  calculated.  Here,  however,  the  fatigue  pressures  of  shrink-fUted  containers 

stren«hUJf  a  m  1M  ®  Equatl°n  (40)  °f  Reference  (14)  for  the  shear  fatigue 
20C  000  nsfl  1 1 ti-rtng  container  with  all  rings  of  the  same  material  (o  < 

4UL , 000  pai),  the  following  ratio  is  obtained:  u  ~ 


u  „2/N  . 

JL  /K _ -J.1  r  K  •  s  1 

N-l  '  v2/N  ’  (V2/(N-1)  ,,  2/ (N-l")  ~ 


.2/ (N-l) 


-k. 


(23) 


nr!I!  P("  sS  tH!  raaxt'nura  Pressure  for  the  multi-ring  container,  p  is  the  maximum 
pressure  for  the  sectored  container,  N  is  the  total  number  of  components  in  each 

wall  So  of  the  m  m”!*  "“T  r3ti°  °f  each  eontainer,  and  K  Is  the  liner 
container°  ^lti-ring  container  and  the  segment  wall  ratio  o\  the  sectored 
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The  following  calculations  art*  made  for  the  optimum  geometry  K  ■  kjN: 

P 

N  -  2,  K  -  3.0,  It  -  1.732,  —  -  1.15 

1  Ps 

N  »  2,  K  -  5.0,  k  -  2.236,  —  -  0.895 

1  Pa 

N  «  3,  K  -  4.0,  k  .  1.590,  —  -  0.945 

Ps 

N  -  3,  K  -  5.0,  k  -  1.710,  .  0.878. 

1  P- 


larper  walfrln^  r®  th<,t  f°r  large  overaU  wal1  ratio.,  and  consequently 

larger  wall  ratios  for  the  sectors,  lhat  the  pressure  capability  of  the  sectored 

.UtS  h..i: 

*  °f  2ero  atlf£neas  (e.g.,  a  rubber  liner).  However,  the  multi-ring 

la  8in?y  i  yet  ®uperlor  for  tlle  easp  “hen  the  liner  (or  sector)  wall  ratio,  k 

N  -  2 furthermore  5°. th*  overa11  wal1  ratio  K,  for  example  above  wheA 

.  '  Furthermore ,  for  a  multi-ring  container  with  a  high  strength  liner,  the 
fatigue  pressure  capability  p  will  be  even  greater. 


It  was  believed  that  the  sealing  problems  for 
no  Uner,  and  Its  less  rigidity  did  not  warrant  further 
present  study. 


a  sectored  vessel  with 
consideration  In  the 
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Stem  Ana  lyn In 


Since  the  item  In  hydrostatic  extrusion  press  must  withstand  high 
conpreulve  stresses,  a  material  with  a  compressive  strength  at  least  equal  to 
the  extrusion  fluid  pressure  is  required  tor  this  application.  For  250,000 
pii  fluid  presaure  this  requirement  can  be  met  by  various  tool  steels;  however, 
for  450,000  pal  pressure  one  must  consider  tungsten  carbide  or  a  similar  mate¬ 
rial.  However,  the  design  of  s  stem  for  hydrostatic  extrusion  cannot  be  based 
solely  on  the  compressive  strength  of  the  material.  In  this  study,  several 
°^ber  potentially  critical  factors  have  been  evaluated  to  determine  possible 
limitations  on  stem  load-besrlng  capacity.  Foremost  among  these  is  buckling. 

In  hydrostatic  extrusion  there  is  no  limitation  on  billet  length  since  there 
••••ntlelly  no  blllet/contalner  friction,  the  billet  is  uniformly  supported 
by  the  fluid,  and  buckling  of  the  billet  cannot  occur.  The  maximum  billet  length 
la  thus  determined  primarily  by  the  length-to-diameter  ratio  (f/d)  of  the  stem 
at  which  buckling  of  the  stem  occurs.  This  critl  al  length-to-dlameter  ratio  is 
quite  dependent  on  the  compressive  stress-strain  behavior  of  the  stem  material. 
This  includes  not  only  the  nominal  value  of  Young's  modulus  of  the  material  but 
also  the  tangent  modulus  at  high  compressive  stresses.  Other  factors  considered 
in  this  study  have  bean  the  sensitivity  of  the  stem  stresses  and  buckling  loads 
to  press  misalignment,  and  the  required  rigidity  of  lateral  support  for  the  stem 
if  such  support  is  needed  to  increaae  the  stem-buckling  resistance. 

In  addition  to  the  above  factors  which  have  rather  general  application 
to  hydrostatic  extrusion  stems,  several  additional  questions  have  been  considered 
which  relate  more  specifically  to  the  press  design  evolved  during  this  study. 

Actors  Include  the  possible  stress  concentration  at  the  notch  at  the  end 
of  the  stem,  exlel  surfaces  stress  produced  by  a  pressure  discontinuity  on  the 
lateral  surface  of  the  stem,  and  limitation  on  concentric  stem  designs. 


Stem  Buckling 


As  the  stem  length-to-dlameter  ratio  increases,  the  possibility  of 
column-type  buckling  becomes  greater.  The  elastic  buckling  load  of  compression 
members  as  given  by  the  classical  Euler  buckling  formula^)  is 


cr 


n2EI 


where 


?cr  “  buckling  load 
E  "  Young's  modulus 


I  ■  moment  of  Inertia  of  cross  section 
fe  “  effective  length. 
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,h„  .nun™6  steBI‘bu^lin*  1°adB  predicted  by  this  relation  are  shown  by 
I/d  "°T1(ld(CUrVM  a  F  gUre  42  88  a  functi“"  of  the  length-to-dlameter  ratio 

U ^  8  fh!rV^  ^  UPPei  6ml  °f  the  Stem  18  P™«»ted  rotating 

fixed!  it  a  a  c  end'  tW°  Umltin8  end  conditions  (hinged  and 

ixed)  are  considered  for  which  the  effective  length*  are  0.7 t  and  0.5/,  re¬ 
spectively.  A  value  of  30  x  106  pal  for  Young's  modulus  is  assumed  for  ateel. 

is  indi,  pr°P°8ed  ^-inch-diameter  stem  design  for  250,000  pai  fluid  pressure 

9  nl 6  0 ,°\  U  iS  ab°Ut  108  incheS  lon*  8nd  1188  a"  ratio  of 

Y.  The  6.0- inch- diameter  stem  design  will  be  discussed  in  greater  detail  in  a 

following  section,  and  is  not  indicated  on  Figure  42.  Experience  at  Battelle 
Shows  that,  due  to  frictional  drag  at  the  stem  seal,  the  stem  ^e.lIre  Ln  le 
as  much  a.  15  percent  higher  than  the  fluid  pressure.  The  design  stem  pressure* 
r  the  two  steins,  therefore,  have  been  taken  as  300,000  psl  and  500  000  pal 
rather  than  250,000  p.i  and  450,000  psl.  Figure  42  indicate.  Ihat  the  12 
inch  design  does  not  exceed  the  theoretical  elastic  Euler  buckling  load  for 

rlth  E  ‘  30  *  10  PSi‘  The  de8l*n  Prea*ure  of  500.000  p.l  for  Ue  elo- 
“e8n8  bhat  8  '“terial  such  as  tungsten  carbide  with  a  very  high  com¬ 
pressive  strength  must  be  used  for  this  application. 


At  high  stress  levels,  stress-strain  curves  commonly  become  nonlinear 
Consequently,  the  effective  elastic  modulus  which  governs  buckling  behavior  de- 

-Tth  I  ?  t8n«ent-niodulu*  theoryOD  accounts  for  this  effect  by 

using  the  Euler  buckling  formula  with  Young’s  modulus  replaced  by  the  compressive 
tangent  modulus  at  the  appropriate  stress  level.  On  the  linear  portlonTf  the 
CUJVe>  the  two  moduli  «r«  equal  and,  thus,  the  predicted  buckling 

builiL^Lr^h.  TI’  8t  hl$!!er  ,tre,#  leveU'  the  value  of  tto 

uckllng  load  can  be  much  lower.  The  dashed  curves  In  Figure  42  are  the  buckling 

loed  curve*  on  stress-strain  data  for  a  steel  with  an  ultimate  compreMlvH* 

cll«el  r^pldlt’^th^’r  ThB  CUrV?*  indic8te  that  the  bu<*li"8  resistance  de- 
Iltios  Pl  7  th"  strese-strsin  curve  becomes  nonlinear  for  the  small  // d 


Compressive  stress-strain  data  are  limited  for  the  very  hlgh-streneth 
material  that  are  required  for  the  high  stem  pressures,  and  the  tangent  Zlu 

ateela  thriT1"18  *r®. n0t  ^no*n  wlth  any  certainty.  However,  for  high-strength 

*H“  “  “  pr  s  -  S3s‘=^’sta-s:  r 

Wilh  ‘"ITa'  F°r  hl8her  8tress  levels  a  tangent  modulus  which  variad  linearly 

n  *  and  ^creased  to  zero  at  the  ultimate  strength  was  assumed.  The  buck-  * 
In8??™*  ^  tangent -mod ulus  theory  and  this  stress-strain  curve  are 

r^rtld  » 4b'  buckli"g  Pressures  of  cylindrical  compression  members  as 
Infill  °y  Allegheny  Ludlum  are  also  indicated  in  Figure  42.  Although  the  end 

t88tS  W<Sre  "0t  reported>  the  buckling  pressures  appear  to  be 
osi^tlm  h6  tan8ent'”od“lua  curves.  These  results  indicate  that  the  250,000 

p  tem  design  should  not  buckle,  assuming  a  steel  such  as  HTB-3  at  Rc  60  is  used. 


Allegheny  Ludlum  Steel  Corporation  designation. 
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a. 


1000 


10  15  20 

SUm  Length  to  Diameter  Ratio,  1/ d 


*  -  9*505 


—  Lineor  Stress  -  Strain 

Curve  E*30xio‘psi 

■—  Assumed  Stress  -  Strain 
Curve  forHTB-3  Bearing 
Steel  (Rc60) 

*  -  Indicates  proposed  stem  design 
-  Indicates  buckling  pressures  in 
Allegheny  Ludlum  tests 

ends  fixed 

Upper  end  fixed, 
Lower  end  pinned 


FIGURE  42.  STEM  BUCKLINU  PRESSURES  BASED  ON  EULER 
AND  TANGENT-MODULUS  THEORIES 
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Small  eccentricities  in  the  axial  load  or  superlag>osed  lateral  loads 
could  possibly  lead  to  premature  buckling.  In  hydrostatic  extrusion,  the  load 
is  applied  as  a  uniform  pressure  to  the  end  of  the  stem  and,  thus,  there  appears 
to  be  little  chance  of  the  axial  load  being  applied  off-center.  However,  due 
to  preas  or  stem  misalignment,  lateral  loads  could  result  from  contact  of  the 
stem  with  the  container  bore.  This  problem  is  analyzed  in  s  following  section 
to  determine  the  magnitude  of  the  problem  and  to  determine  the  alignment  toler¬ 
ances  which  will  have  to  be  built  into  the  production  extrusion  press. 


Lateral  Support  of  Stems 


By  providing  latersl  support  at  the  midpoint  of  the  stem  length,  the 
theoretical  buckling  load  can  be  Increased  from 


to 


D 

cr 


U  H2  El 

“72 

8.18  n2  El 

13 


assuming  that  both  ends  of  the  stem  are  fixed.  The  lateral  support  serves  to 
decrease  the  effective  length  of  the  stem.  To  achieve  this  increase  in  buck¬ 
ling  load,  however,  the  support  must  have  sufficient  stiffness.  The  critical 
support  stiffness,  crcr,  in  this  case  is 


»cr  -  208  (lb  per  inch)  . 


No  benefit  la  gained  with  a  greater  stiffness,  while  a  less  stiff  support  will 
not  be  as  effective.  This  critical  support  stiffness  can  be  compared  with 
stiffness  of  the  stem  to  lateral  deflections  due  to  a  load  applied  at  its  mid¬ 
point,  which  la 


a  «  192  —  (lb  per  inch) 


Thus,  the  support  should  have  about  the  same  stiffness  as  the  stem. 

Besides  being  sufficiently  stiff,  any  lateral  support  must  be  able  to 
retract  so  the  stem  can  fully  enter  the  container.  The  cupporta  must  also  be 
maintained  in  precise  alignment  with  the  stem  and  the  container  bore. 

Lateral  support  will  not  be  required  for  the  12 .O-inch-diameter  stem 
since  its  length-to-diameter  ratio  should  not  be  critical.  However,  for  the 
6.0-inch-diameter  stem  in  the  concentric  stem  arrangement,  buckling  is  predicted 
if  no  lateral  support  is  present.  With  this  arrangement  the  lateral  support  is 
provided  by  an  outer  concentric  stem  which  clearly  is  considerably  more  stiff 
(because  of  its  larger  diameter)  than  the  inner  stem  which  it  supports. 


133 


Analysis  of  Composite  Stems 


it.  fracture  i  ,C0"8truc£ed  o£  a  high-strength  but  brittle  material, 

,  '  *  t0  be  ^Plosive  in  nature.  The  surrounding  of  a  hard, 

•  tiff,  high-strength  Inner  core  with  a  more  ductile  lower-strength  shove  could 

eH  \  ^  ailUrt  °f  the  C<’ri"  Ansl>’si8>  however,  indicates  that 
the  stem  load-bearing  capacity  would  be  largely  limited  by  the  strength  of  the 

be  full^utillied  th£  additi°nal  8tr*,n*th  of  the  core  material  would  not 

•  train  l„w[  "J®1,  loading,  a  composite  stem  will  deform  so  that  the  axial 

Se  llLl  *[  f  fame>  TI’US*  tKe  8tresses  ln  the  two  materials 

will  be  unequal,  but  proportional  to  thair  elastic  moduli.  Ideally  the  mate- 

proportional  t°  their  respective  strengths,  so 
that  both  04 ta rials  would  reach  their  iailure  stress  at  the  same  axial  strain. 

a"OUnt  °f  reductlon  in  «tem  load-bearing  capacity  versus  a  solid 
IlHve  d^Lt°«  *hOW?  ^  FigUre  43  88  8  function  of  the  core  and 

li^tion  U  ”ti0-  These  curves  are  for  the  ideal 

1*1  It  il  a*  “°du££* to- strength  ratios  being  the  same  for  both  materials, 

i^t-h  ^  ••“““d  th.t  buc);llng  d0C8  not  occur>  The  corregponding  reduction 

SckliM  load^  o  i“?  “d  iS  ln?lCated  in  Fi»ure  The  reduction  in  the 

bulling  load  la  quite  aevere,  since  the  bending  stiffness,  El,  of  the  stem  Is 

of  t0  th?  °Ut‘r  BU,ter1*1-  Fi*Ur"  45  and  46  Present  the  relative 
-dl^Lefn  a^I  lr  'T  ^  a  different  Ught;  the  comparison  is 

Aaaln^^  !  ,0Ud  Stenl  nade  of  the  weaker  *l«eve  material. 

»  !,UO*  e  11  *nd  *trength  are  proportional.  One  possi- 

»hlrt  thriilSrr-tionrte^Cr^ine  COre  and  a  hi8h-8tren8th  .teel  sleeve,  for 
r  r*^°  18  about  3.0.  Aaauming  an  ultimate  compressive  strength 

216  rrr  the  strength  of  the  steel 

0  H  f  ,0M  Pl '*■  Takin6  8  core-to-sleeve ,  outer  radii  ratio  of 

Of  465  SoS  a  f-iiwe  would  occur  (Figure  45)  at  an  average  stem  pressure 

£  2.15  x  216,000  psi)  .  This  would  be  accompanied  by  an  in¬ 

crease  in  the  buckling  load  by  a  factor  of  1.65  (Figure  46).  In  this  case  both 

ilnC2~6  Z  rirrlYV1;  at  the  8ame  If  8  8teel  °f  atrength^ter 

5*  COmprea8ive  failure  wil1  °ccur  first  in  the  core 
aeterlal,  and  thue  the  added  strength  of  the  sleeve  will  not  be  utilized. 

during  extrusion  ?“£?frtion  0f  bhe  relatively  ductile  sleeve  material  could  occur 
exia^.t  t^  lLl  wher  U  8xpo8ed  t0  the  flu£d  pressure.  A  critical  situation  will 
It  ?re*8  concentration8  arise  from  geometric  and  loading  dis- 
ontinuities.  Another  critical  situation  would  result  if  the  fluid  pressure  were 

the  I^erui,  The«rfo^idetWMn  ^  *leeVe  C°re  materla1*-  8nd  »eparste 
sll.«  ff  ^  ?  considerations  seem  to  exclude  the  use  of  a  ductile  outer 

f  u"  #l“  £0  £  1  ‘  *h!  t0  WkU  °f,the  COntainer'  8ln«  contact  with  the 
contact  IT  ’  lS  positioned  at  the  end  of  the  stem. 

Z  lllevi  w  Short  Of  eb,Ure  T  !  8V°ided  wlth  8  de8i8n  that  terminated 

•  Sleeve  Just  short  of  the  seal,  as  shown  in  Figure  47. 
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Buckling  Load 


FIGURE  43. 


REDUCTION  IN 
VERSUS  SOLID 


LOAD  CAPACITY  OF  COMPOSITE  STEM 
STEM  OF  CORE  MATERIAL 


E,-  Young',  modukit  of  *M 
E.*  Young'.  moMu.  of  oon 


FICURE  44. 


REDUCTION  IN  BUCKLING 
VERSUS  SOLID  STEM  OF 


LOAD  OF  COMPOSITE  STEM 
CORE  MATERIAL 
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Et*  Young's  modulus  of  Mm 
E|’  Young's  modulus  of  cors 
N0tt«: 

o.  Moximum  lood  bosod  on  comptsssivt 
follufd  of  motdriols 

b.  for  modulus  -  lo-  comprtstfvs  strsnglh 
rotlos  soms  for  oach  motsrial 


FIGURE  45.  INCREASE  IN  LOAD  CAPACITY  OF  COMPOSITE  STEM 
VERSUS  SOLID  STEM  OF  SLEEVE  MATERIAL 


!  Young's  modulus  of  slttvs 
Ej  '  Young  s  modulus  of  cors 


FIGURE  46.  INCREASE  IN  BUCKLING  LOAD  OF  COMPOSITE  STEM 
VERSUS  SOLID  STEM  OF  SLEEVE  MATERIAL 
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Localized  Stresses  it  Seal  Location 


One  possible  seal  arrangement  has  the  seal  set  Into  *  .......  .  .. 

container  bore.  This  means  that  only  the  portion  of  the  stL  bl£!  thl“  ?  * 
exposed  to  lateral  fluid  pressure  At  the  te*  th*  ,Ml  l* 

zero,  and  a  complex,  elastic  str^s  ^ 

(i.e.,  1.5  time,  the  stem  pressure).  Below  the  aurfir.  ►  W*iMl  value 

•evere.  Similar  behavior  la  exhibited  by  the  Radial  t^t‘.l"!ndlh  U  U“ 
components  of  th#  stroaa  Th.  tangential,  and  shear 

•h"''  pt-‘:"  -“r2-u^ss  241;%?* 

" th. ....  iJ^^JLTLT" 
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stress  components  in  the  seal 
hydrostatic  in  character  and, 
occurs . 


region  from  their  nominal  values  is  largely 
consequently,  little  increase  in  shear  stress 


The  results  shown  in  Figure  48  are  valid  when  the  pressure  dis¬ 
continuity  Is  a  distance  of  one  stem  diameter  or  more  from  the  end.  End  effects 

'  “*»  “ke ^  «»  „Ui 


tainer  86,1  **  l0Catfd  af  the  end  of  the  stem  father  than  in  the  con- 

r."  r:  8  COa?ntt*tio™  «y  due  to  the  notch  in  the  stem  needed 

to  accomodate  the  seal.  These  stresses  are  considered  in  a  following  section. 


Stem  Misalignment 


„  I£  tbe  ,te“  and  container  bore  are  not  in  precise  axisl  alignment,  side 

^JnT«rLies°iSn  rh"  ‘r  °£,the  Ste'n-  These  8lde  loada  besldes  Producing 

tivit^rn  I?!  the  *tem  *,y  ala°  d®creas®  its  buckling  resistance.  The  sensi- 

Mgure  2 th  V i  evaluated  by  '°nsidering  the  idealized  case  shown 
axial  d  ~  rePre»«nted  »«  «  cantilever  beam  supporting  an 

r  ^  U*  re*  °f  the  bea"  ia  d«“«cted  an  amount,  6,  through  con- 

“  ,/a00t?  rl?ld  wal1  (••«*.  the  container  bore).  It  U  assumed  ?hat 

£S  b^SI  * 8id* l0,d’ q>  8t  the  end  o£  the  beam* but  no  reat”^- 

hav.  b..nrdLI!I!^!!b^^hC0,,<,^tiO!!8,  the  reaultin8  bonding  stresses  in  the  beam 

.clou^  fJr  ^LcJrof8th‘  berm:C°lu"n  byP*  °£  -nelysis.(53)  Such  an  analysis 
accounts  tor  the  effect  of  the  axial  load,  P,  on  the  bending  of  the  beam  and 

■  rations  which  give  the  bending  stress  in  the  beam  for  a  given  axial 
load,  P,  and  lateral  deflection,  6.  These  relations  have  been  programed  for 
BJ‘tUlJ®'8  CDC  W0°  digital  computer.  Numerical  results  were 
^*d_for  th®  ,olld  12.0-inch-diameter  stem  of  this  design  study,  and  are 

of  250  OOO^rand'fo^4"*  fndicabe-  for  examPle>  that,  at  an  extrusion  pressure 

stress ' i«  about non  ”la“vcly  lar8e  "is.Ugnment  of  0.25  inch,  the  bending 

“  2”  5So  ir  iL  th  P,J;  /  8tre,S  0f  12>00°  P8i  ia  telatively  small  compared 

reduces  the  h  <  "°J  See"  th8t  the  ”i8a Ugnment  algnific.ntly 

reauces  the  stem  load-bearing  capacity  in  this  case. 

accountedTfo/fnerb  °£  "  decraaaln8  tangent  modulus  at  higher  stresses  is  not 

°  SL  J  0f  FigUre  50 •  A  decreasing  tangent  modulus  would 

shift  the  point  at  which  the  curves  of  Figure  50  begin  their  raoid  rise  m  » 

bT’Iionifi*8  ™*  b®ndln«  stresses  due  to  axial  misalignLnt  again  will 

on8nl£iC*nf  °nly  if  th*  8tem  ls  loaded  nearly  to  its  buckling  load  fi  e  80 
for  th.P*iTo-Lchd.tehm).0nly  “  ^  mieali*™at  is  fairly  latg*  (i-e.,  0.25  inch 
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Sag  I  Potltlon 


Note: 

(a)  Solid  curve  correaponds  to  sharp  pressure  discontinuity  on  surface. 

(b)  Dashed  curve  corresponds  to  gradual  pressure  drop  over  distance  of 
about  0.1  along  the  surface 

a  "  stem  radius 

z  -  distance  along  stem  axis 

p  ■  fluid  pressure 

oz  -  surface  axial  stress. 


FIGURE  48.  AXIAL  STRESS  RISE  ON  STEM  SURFACE  DUE  TO  PRESSURE 
DROP  AT  SEAL  POSITION 
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Bending  Stress ,  ksi 


FIGURE  49.  ASSUMED  CONDITIONS  OF  STEM  AND  CONTAINER  MISALIGNMENT 


0 


FIGURE  50. 


100  200  300  400  500 

Axial  Stem  Stress  (|)  ,  psi 


BENDING  STRESS  IN  12-INCH  STEM  DUE  TO  MISALIGNMENT 
AS  A  FUNCTION  OF  AXIAL  STEM  STRESS 
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Analysia  of  Notch  at  End  of  Stem 


there  1.  “SStSM'lL'.'tUl'  """"  *•  «•  tont.lner  bore, 

r s  L-  -  X.7^E\£ES,T 


FIGURE  51.  ASSUMED  LOADING  AND  CALCULATED  MAXIMUM-SHEAR- 
STRESS  CONTOURS  FOR  ANALYSIS  OF  A  STEM  SEAL 


the  notch  to  clone  ,h  ~  “T 

S33SS£HgKS«5S: 
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The  calculated  contours  of  maximum  shear  stress  ate  shown  In  Figure  51. 

The  nominal  value  la  0.50  times  the  axial  compreaalve  stress  and  at  notch  the  maximum 
sheer  is  less  than  this.  The  greatest  value  of  ahear  stress  occurs  away  from 
the  notch  and  in  the  interlot  of  the  stem,  and  is  about  0.57  times  the  fluid 
pressure.  The  results  of  the  stress  calculations  thus  Indicate  that  the  notch 
does  not  produce  a  significant  stress  concentration. 


Design  of  Concentric  Stems 


The  stem  arrangement  evolved  in  this  design  study  for  extrusion  at 
450,000  pal  uses  a  12 ,0-inch-diaraeter  hollow  outer  stem  to  pressurize  the 
250,000  pel  fluid,  snd  a  6.0-inch-diameter  inner  stem  to  pressurize  the  450,000 
psl  fluid.  Also,  it  has  been  proposed  to  use  concentric  stems  for  extrusion  at 
250,000  psl.  Here,  the  inner  stem  will  apply  a  positive  load  to  the  end  of  the 
billet  and  aid  in  the  handling  of  the  billet  during  loading.  This  section  dis¬ 
cusses  this  concept  from  the  stress  analysis  viewpoint  and  presents  some  analysis 
which  apply  to  this  design.  The  following  discussion  will  concentrate  primarily 
on  Che  450,000  pal  design. 


Bt  wired  Length  of  Innsr  Stem 


Since  the  inner  stem  is  only  6.0  inches  in  diameter  and  is  required  to 
support  450,000  psl  of  fluid  pressure,  it  is  important  to  determine  its  length 
fbr  buckling  considerations.  The  concentric  stem  arrangement  is  shown  con¬ 
ceptually  In  Figures  52  snd  53.  The  outer  hollo*  stem  Is  quite  short  so  that 
the  highly  stressed  inner  stem  can  be  as  short  as  possible.  The  required  lengths 
the  stems  here  been  determined,  snd  these  lengths  are  based  primarily  on  the 
estimated  travel  of  the  outer  stem  in  compressing  the  supporting  fluid  to  250,000 
psl,  and  that  of  the  inner  stem  needed  to  compress  the  450,000  psl  fluid  and  dis¬ 
place  the  billet. 

A  total  length  of  about  96  inches  is  needed  for  the  inner  stem.  Of  this, 
60  inches  must  be  of  6-lnch  diameter,  while  the  remaining  36  inches  can  be  of 
larger  diameter  (10  lnchea  to  12  inches).  Figures  52  and  53  indicate  the  con¬ 
figuration  considered.  The  outer  stem  must  travel  12  to  15  lnchea  to  compress 
the  fluid,  depending  on  whether  fluld-to-air  or  fluld-to-fluld  techniques  are 
employed.  These  lengths  plus  an  allwance  for  seals  and  a  tapered  section  on 
the  outer  ram  determined  that  the  outer  stem  must  have  a  uniform  bore  25  inchec 
long,  as  shown  in  Figure  52.  The  determination  of  the  lengtn  of  the  6.0-inch 
inner  stee  it  baaed  on  the  configuration  of  Figure  53.  The  lergth  of  60.0  inches 
la  accounted  for  at  follows: 
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FIGURE  52.  CONCENTRIC  STEM  CONFIGURATION  SHOWN  WITH  OUTER  STEM  FULLY  EXTENDED 
AND  INNER  STEM  F’T.LY  RETRACTED 


FIGURE  53.  CONCENTRIC  STEM  CONFIGURATION,  SHOWN  WITH  INNER  STEM 
IN  FULLY  EXTENDED  POSITION 
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(*)  Distance  that  the  6.0  Inch  stem  must  enter 
the  6.0  Inch  container  to  extrude  the 
billet  and  to  eject  the  die  and  butt 

(b)  Length  of  6.0  inch  stem  that  is  needed  to 

pass  through  bo'/e  of  outer  atem  . 

(c)  Allowance  for  separation  of  end  of  outer 

stem  and  end  of  6.0-inch  container  — 

Total  length 


32.0  Inches 

25.0  inches 

3.0  inches 
60.0  inches 


In  addition,  the  larger-diameter  portion  of  the  ram  must  extend  back  about 

”  Slag  t"C>  P"“  -  “l  £a 


th.  expand*n8  the  diameter  of  the  inner  stem  from  6  inches  to  12  inches 

the  axial  compressive  stress  can  be  reduced  from  450,000  psi  to  onlv  112  000 
This  means  that  ateel  could  be  used  for  this  U-inch^iameter  Ungth.  '  ? 


Budding  of  Inner  Stem 


buckUng  o^thia^stenarbe^consideS .  'TL^ig'n^^s^^e^thrSum1^ Igr6"1* 

stre8S,”tungaten0carbidetoraaCaimilarrmateriainwith,"highecompre8sivePstrength8wlll 

be  required.  In  addition  to  its  high  compressive  strength.Tungsten  carbide  his 

th^SiSSa  lUTll  Tt  cTl  WHhiH<  increa8es  bucklin«  resistance .  To  estimate 
.  V  i  f  f  ?  6-0_lnch*diameter  stem,  the  Euler  buckling  formula  for 

cylindrical  column  with  one  end  fixed  and  one  end  hinged  can  be  applied; 


V-  ■  W-&1 


-2 


F°rJsr{A  "  500»000  P8l>  d  ■  6.0  inches,  and  E  -  80  x  106  p8i  (1  e  tunesten 
carbiSe),  the  critical  length  is  85.3  inches.  Although  the  total  length  If  Ihe 

Zll  r  iah9f‘°  inCh!8’  the  length  for  blckling  considlSoIs 

S’ Ljnj!  "Uf  factbhat  P”«=  of  the  length  is  of  12-inch  diameter 

will  increase  the  buckling  resistance.  In  addition,  the  outer  stem  can  orovide 
a  era 1  support  to  the  inner  stem  to  further  increase  its  buckling  resistance 
The  maximum  unsupported  length  (Figure  52) is  35.0  +  36.0  -  71.0  inches  and 
since  about  half  of  this  is  of  12.0-inch  diameter,  the  effective  length  based 
with  ;^£S“rr*r  8h0old  be  8i8nlflcan“y  less  than  71.0  inches ,  Thus 
b£kli£  le"8fh  b6ing  85-3  inch’  the  lnner  stem  8h°uld  have  sufficient  ' 

ckllng  resistance.  A  more  precise  but  more  lengthy  buckling  analysis  tn 
for  the  variable  diameter  could  be  used  to  check  this  conclusion. 
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HffW  Strei»  in  Outar  Stan 


Street  calculations  aha/  that  ti  la  not  advisable,  with  the  concen- 

cont. ?  hrr*n8*JI!?t’  t0  lDC*te  th*  •e“1  f0r  the  outer  hollw  »t««  in  the 
container  bore.  This  is  because  the  outer  surface  of  the  hollow  stea  la  than 

exposed  to  250  000  p.i  of  fluid  pressure  and  thi.  result,  In  a  la£e  cilp^iv. 
oop  stress,  which  could  lead  to  itward  collapse  of  the  outer  stea  For  a  solid 
-tea  .Uch  ..  the  6.0  inch  inner  .tee,  this  large  hoop  atr.a.  d^ot  occur 
the  seal  «y  be  placed  the  container  bore.  The  large  hoop  atreaTin  t£  o!fer 
•  tan  doe.  not  occur  if  e  seal  is  placed  at  th.  end  of  th^t*! 

mant  p?*  8tand<,r<!  1'ame  relations,  when  applied  to  the  concentric  stea  arrant.- 

..  S'”,"' ,i" f"  t“"a 


u 

o„ 


-0.067  inch 
-667,000  pal  f 


Eh-r30tx*l^Un.d/re^?re  P°  "  2u5°,00°  P,i*  °D  "  12  lnch«*»  »  -  «>  Inches,  and 
.  l  P®i •  Thia  means  that  if  the  ID  of  the  outer  stea  la  lnlHallv  A  non 

ita.'jsj”'000  "  *“*™1  “i-:“  s  ‘-s°l 

,  .  ,  „.If  th*  *nowable  coapresalve  strata  of  tha  atsa  natarlal  la  300  000  nal 

™  »c.7,r:!,ir •tra°*th  °f  htb-3>*  ^  mow.bi!; 

c  *  1  ^ch  radial  displacement  at  tha  bora  la  0  030  Inch  a« 

V  CHW*nCe  °f  e~ctl*  0  030  betweJn  tK  !n«r  «foiuf‘.t2s 

outer  .tea,  could  be  prevented  bJ^StS*  it  °5  th* 

^PposeefeUtive1TOfea^nttoftthtre,,e,’tWllCh’  ^  tUrn’  WiU  r#,Ult  ln  f*"^1™*':**  ’ 

a^adi.1  C0"t*^tB^treaa  fcof  ^25olo00n-*113 1000^*137,  OOO^pal^wil^exiat^et^the**11^*' 

iTulltlulTs lnnar  ■nd outer *te“-  *• SL 

F  “  M.  X  (contact  atreas)  x  (area  in  contact), 
the  coefficient  of  friction  u  -  .1,  the  length  of  contact  a.  6  feet  -  72 

S£ tht/rctj/n  £orce  i: *  -  9-3°°  *«■ 

and  relative  0K>vement  would  not  be  possible  *  *  eCtlvely  "lock**"  together 

Differentia]  fplMOP  Exsanalon  of  gtgm 
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pre.enc  design  .tudy  with  steel  for  the  outer  stem  and  tungsten  carbide  for 
tbe  inner  .tea.  *o  that  8,-  30  x  10*  pgi,  .  .25>  E  .  80  x  10*  psi,  and 

i  re?’e£arr  2  “  “°>000  Psi-  ?1  m  *50,000  paij  the  change  in  clear¬ 
ance  la  calculated  from  standard  elasticity  relations  as 


Ad2  -  Adj  =  .0041  inch. 


Thus,  a  gap  appear*  between  the  stems,  and  Lhis  is  a 
high  modulus  of  the  carbide  inner  stem.  In  contrast 
an  Interference  will  develop  and  binding  will  occur 

provided . 


result  of  the  relatively 
,  if  both  stems  are  steel, 
if  proper  clearance  is  not 


Immtaa  CirH*1*  **  a  Stem  Material 


Kloh  _  !  r  exrru8ion  at  *50,000  psi  will  require  a  material  with  a 

IJft  h^HCe  o  tD  re8i8C  cru"hl"8  and  3  high  elastic  modulus  to  re- 

S-Sf-S  °n  8  counts-  tungsten  carbide  appears  to  be  suitable 

Jtir  LtiorLer:itUK8Sten  C,rbJdL‘  cann0t  **  tecommended  at  this  time  without 
eo^  a’  r  XI  because  much  “‘erlal  property  data  of  potential  import¬ 
ance  to  the  design  of  stems  ..re  not  available. 

above  calculation*  for  the  critical  length  for  buckling  of  a  6.0  inch 

eC‘hrbld'  'f  W#re  ba8ed  °n  "au«d  ,trfctly* linear  st«ss 
ltt,„  “ tb?  *ct“1  «“«••  atrain  c«ve  deviated  significantly  at  high 

'ti«!  11"e,rit5r  giving  a  decreasing  tangent  modulus,  the  calcula- 

uT'itranEr rror;  ,it  19  £eit  that  for  tung8ten  «rbide  **  ^rVe 

ohrSnUrf  t I'  **  hl  lM  "°  documented  «■  "O  stress-atrain  curves  could  be 
lMdi^f’tu»*e*  W*reh<raPOrt?<1  t0  bC  in  Pro8rfc8"(55)  to  "e**ure  the  buckling 
eh--  f  *“"*•**“  "rblde  column  specimens  of  various  slenderness  ratios.  When 

th*r  ,hould  »ny  tangent  modulus  effect  and 

«2i5Jfid?h  hef  buckUn8  calculations  based  on  a  nominal  value  of  Young’s  modulus 

effectTTL°^L«Ctnr*  th8t  °?Uld  b*  °f  lmP°rtance  in  design  of  stems  are  sire 
iJ  T  , “  10  cf"Preaalv«  atrength  data.  Both  theae  factors  are  impor¬ 

tant  in  deaign  and  are  known  for  tenalle  applications,  but  data  are  lacking  for 

_  Anothar  behavior  of  tungaten  carbide  which  needs  further  study  is  its 

reported  spontaneous  cracking  after  removal  of  high  compressive  stresses  The 
indicetion  .that  this  cracking  occurs  only  if  the  concessive  “tree!  is 
naarly  equal  to  t.«  ultimate  coopresalve  strength.  Since  the  design  stem 
loading,  are  up  to  450,000-500,000  p.l  while  the  ultimate  compressive  strength 

cl,c£t !  LYm^.SL'i!^  I50’™  P!i*  the  ,tre*aea  at  -hich  a“<*  apontaneous 
era  citing  can  occur  should  be  knewn  rather  precisely. 
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.  Tho  dle*  u,od  ln  hydrostatic  extrusion  are  locally  subjected  to 
bi*l*f  FIe,*Ure"  in  exc*,B  of  tho,e  exerted  solely  by  the  fluid.  At  250  000 

&  Pre;*Ure’  dle'  “de  of  AISI  “-50  tool  eteel  have  £en  ge£rLJ; 
aatisfactory  In  experimental  work  done  at  BattelledO.  when  pressures  of 
the  order  of  450,000  p*l  are  considered,  however,  the  die  stresses  are  expected 

strutted^  t£>  the  llmit  °f  “ter1*1  etrength,  even  If  the  die  wrtX 
structed  from  tungsten  carbide.  In  view  of  these  considerations,  a  theoretical 

°f  u“  -v  *.  ■ «.  -iu,  ££ 


Of  At.  ^  of  the  following  analysis  Indicate  the  required  strength 

Ld/1cn  n^rl‘l*  fOT  extru,lon  w  the  design  fluid  pressures  of  250400  net 
end  450,000  psi  In  Edition,  the  results  show  1  MU  at  Ion.  “w££Z  g^U* 

ahow  the  beMflt  o£  fluld  pre-ure  "w* in 

o«tleularTde.r,alr1*uCenter^  °“  th*  dl*  de,1*n  l*  *hown  ln  Figure  54.  This 
f,^d  *“  U‘  •UCce"fuU5r  *t  Battslle  to  extrude  various 
"“*^!*i*  at_fluld  Pressures  up  to  2  60,000  pel  ln  a  2-3/8-lnch  diameter  bore 
CMtalner.  To  make  the  analysis  general,  the  CD  of  th-  die  was  normalised  to 
°?*  *nch  "  lndlc*ted  ln  Figure  54  (geometrically  similar  dies  of  larger  0D 

Batted  *“!  ‘tre“  8t*te)-  The  dle  ,trBM  »«•  pe  forsmd  using 

Bat telle  s  conputer  program  for  elastic  stresses  ln  bodies  of  revolution.  This 

program  is  designed  to  calculate  stresses  for  arbitrary  cross  sections  subjected 
extruslon*dl  yn”“etrlc  l°*dln*1  and  iB  lde*Uy  *“lted  for  the  analysis  of 


Assumed  Die  Loadings 


Th*  Pte»»ures  and  other  loadings  that  act  on  a  die  during  extrusion 

are  not  precisely  known.  Figure  55  shows  the  pressures  that  were  - - - 

For  generality,  a  hydrostatic  extrusion  pressure  of  1.0  psi  was  considered 

To  obtain  the  result,  for  any  other  pressure,  one  must  Zly 

stresses  proportionally.  The  assumed  die  loading  is  described  as  follows: 

(1)  a  fluid  pressure  of  1.0  psi  acting  on  the  top  and  exterior 
of  the  die  above  the  seal. 


(2)  a  constant  normal  pressure  of  1.0  psi  acting  on  the  seel 
land  to  support  the  seal  ring  forced  against  It  by  the 
fluid  pressure. 
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(3)  the  outsr  die  surface  below  tlie  eeal  is  unloaded,  which 
assumes  that  there  la  no  contest  between  the  die  end 
container  bore. 

(4)  a  uniform  contact  atreaa  on  the  baae  of  the  die  of  magnitude 
eufficlent  to  support  the  die.  A  iimplification  la  involved 
in  ehle  assumption  ainca  the  actual  contact  atreaa  would  be 
non-uniform  and  related  to  the  elaatlc  deformation  of  the 
backup  tooling.  However,  thla  non-uniform  behavior  would  have 
an  Important  influence  on  the  die  atreaaaa  only  et  relatively 
email  dlatancea  frcra  the  baae. 

(5)  on  the  die  face  the  preaaure  of  billet  waa  taken  to  deereaae 
from  the  entrance  towards  the  exit  of  the  die.  Thla  variation 
la  dlscuaaed  i  .  datall  below. 

(6)  a  uniform  preaaure  waa  aaauaed  to  act  on  the  die  laid  of 
magnitude  equal  to  the  billet  preaaure  at  the  exit  of  the  die. 

The  analyela  be  lew  eatlaatea  thla  preaaure  to  be  equal  to  the 
billet  yield  etrength. 

The  dletrlbution  of  the  billet  preaaure  on  the  die  face  ahould  be 
conaidered  In  calculating  the  die  atreaaaa.  The  atreaaea  that  exlat  In  a  billet 
during  extruelon  through  a  conical  die  have  been  lnveatlgated  by  8habalk, 

Lee,  and  Kobay  (56)  and  Shabalk  and  Kobayaahl  (57)  ualng  the  vlalo- 
plaetlclty  method.  Thla  method  unfortunately  doea  not  give  highly  eceurate 
reaulta  for  the  atreaaea  at  the  biliet/dle  Interface.  The  reaulta  do,  however, 
eleerly  indicate  that  the  billet  preaaure  la  hlgheat  at  the  die  ntrace  mid 
1  awe  at  et  tha  exit. 

Pugh  and  Aahcroft  (58)  have  applied  a  theoretical  eolutlan  formulated 
by  Sacha  mid  Klabeln  (59)  to  the  defomatlon  of  the  billet  In  hydrostatic 
extruelon.  It  la  assumed  that  proper  lubrication  would  reduce  the  friction  on 
the  die  face,  so  that  the  sheer  stresses  on  the  die  face  will  be  smell  awl 
can  be  neglected.  Data  compiled  by  Pugh  (60)  supports  this  assumption.  Tha 
following  relation  batwean  the  billet /die  pressure  dletrlbution  and  the  fluid 
pressure  waa  obtained. 


2  2 

®<r)  Pf  { 1  +  l/ln(£y)  [l  -  ln(£r>]}  (24) 

where  pf  la  the  fluid  pressure,  a  is  the  billet  radius  at  the  entrance  of  the 
die,  b  is  the  billet  radius  et  the  exit  of  the  die,  and  r  Is  the  redlel  distance 
from  the  centerline  of  the  die  to  a  point  on  the  die  face.  The  above  relations 
give  <7  •  p«  +  Y  for  the  pressure  at  the  entrance  of  the  die  (r  •  a)  and 
a  m  'I  at  tna  exit  of  the  die  (r  -  b).  The  aseissed  pressure  distribution  of 
Figure  55  used  for  the  die  atreaa  analysis  was  calculated  using  Bquatlon  24. 
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Calculated  Results  for  Particular  Die  Design* 


aiaJzttim  i 


The  deformation  aa  computed  for  the  loadings  previously  described 
is  presented  In  Figure  55.  This  particular  die  Is  designated  Design  1  to 
distinguish  It  from  variations  from  It  to  be  designated  Deaigns  2,  3,  4,  and 
5.  Assunlng  the  fore-mentioned  loading,  Figure  56a  shows  the  computed 
deformation  of  the  die  (greatly  exaggerated  in  scale)  superimposed  on  the 
andeformed  shape.  As  Indicated,  the  die  Is  actually  deformed  Inward .  due 
to  the  fluid  support  acting  on  the  outside.  In  contrast,  Figure  56B  shows 
the  resulting  computed  outward  deformation  of  the  same  die,  if  the  fluid 
support  were  absent  (as  in  conventional  extrusion  without  shrink  rings  on 
the  die).  The  distribution  of  hoop  stress  corresponding  to  the  deformation 
of  Figure  56s  almost  entirely  compressive,  and  this  clearly  indicates  the 
benefit  of  fluid  support.  In  contrast,  the  hoop  stress  distribution  of  the 
unsupported  die  (Figure  56b),  shows  tensile  hoop  stresses,  which  are  as  high 
as  2  -  3  times  the  extrusion  pressure. 

When  the  stresses  In  the  die  are  entirely  compressive,  the  failure 
of  the  die  can  result  from  stresses  other  than  tensile  hoop  stresses.  One 
criterion  for  failure  of  brittle  materials  In  compression  with  some  experi¬ 
mental  baala,  la  that  of  maximum  shear  stress.  That  is,  the  material  falls 
when  the  maximum  ahaar  stress  axceeds  the  maximum  shear  stress  at  failure  in 
•  almpla  axial  ccmpreaslon  teat.  This  shear  stress  In  the  simple  compressive 
taat  la  one- half  tha  compressive  strength  of  the  material.  For  the  deformation 
of  the  fluid  supported  die  shown  in  Figure  56s,  the  overall  maximum  shear 
atraaa  was  calculated  to  be  about  0.8  times  the  extrusion  pressure,  pf.  Basing 
Che  design  stress  on  a  max  liman  shear  stress  criterion,  a  material  with  an 
ultimate  compressive  strength  of  about  1.6  times  p^  would  be  required.  It  is 
algnlflcant  to  note  that  the  maximum  shear  stress  occurs  at  the  base  of  the 
die.  The  base  of  the  die  must  always  support  a  compressive  stress  greater 
than  the  fluid  pressure,  since  the  total  force  over  the  annular  area  of  the 
base  must  equal  the  total  force  developed  by  the  fluid  pressure  acting  over 
the  entire  area  of  the  extrusion  chamber.  In  effect,  Die  1  will  be  limited 
by  compressive  failure  at  the  base. 


Bli-Pwin  l 


Die  Design  2  is  the  sane  as  Design  1,  but  with  a  larger  die  opening. 
The  loadings  wars  equivalent  and  the  Included  die  angle  of  45  degrees  was 
preserved  Figure  57a  shews  the  deformation  of  Die  Design  2  and  indicates 
that  during  extrusion  considerable  outward  expansion  of  the  die  occurs.  This 
can  be  related  to  the  Increase  in  the  ratio  between  billet/die  interface 
pressure  end  fluid  pressure,  and  the  thinner  wall  section  of  Design  2.  Tensile 
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"w'w  *s«s**»*w.ww-  omn wt*-*  »  mqv  h«  a 


t*nS*ZLS£“  £“!=■*  ’rttl' ""  ■“*“  *•»-  *«  1-1  »«. 

ti«.  the  fluid  »"  edlculetdd  ,.  be  about  1.5 

ccnpreaalve  yield  etrengtha  are  roueM.  ,Ufh  *t  ,t*#l  “•‘•da  thd  tenalle  and 
".algo  1  would  b.  r^euTS  « 

tungsten  carbide  with  a  compressive  .trenLh^r^rki'  /^T  *  m*terU1  8uch  •• 
atrength,  the  preeaure  canaMl«t,r  „  *th  rou8hly  *  tinea  lta  tenalle 
that  of  DeeignT  P  ity  °f  D*,i»"  2  would  ■>.  only  about  35  parent 


Pie  Deajgn  3 


Placed  closer  £'£  bae  o^the^di."  }*  6X“pt  that  the  "•  i» 

length  of  the  die.  The  asstmed  in*di  ~  lch  8ive*  fluld  aupport  over  a  greater 

«- «.  -  for^ i  i; ^:%s,iL".;“cr“-‘  n~‘«»  >• 

atreaa  at  the  die  baee  is  auit«  i....  ,  ,  *  f™1  the  compressive  hoop 

The  corresponding  shear  stresses  arf  about  1  2  tiJs11”**  *hefluld  pressure). 

•  die  of  this  design  would  retire  a  ^aterili  J^  Pf  ‘Wd  *“■  indlc‘t88  thrt 
•bout  2.5  time,  the  fluid  preeure  It?I\hl  compressive  strength  of 

support  can  be  detrimental^  certain  ca.ei  The  T*  fluld 

a*  compared  to  Detlon  1  ham  t  \  additional  fluid  support 

perc.ent*the  fLjd  S.i^'c^^ty  7  r#*Ult#d  ln  '  dle  *th  •**  65 


Die  Dealgn  4 


a  “ingle  rubber*0^rlng  «  iTfiS'S'S.' *’  t™.*  >» 

thickness  is  possible  and  fluid  ninmr^  t-  *  *  seal.  A  greater  die-wall 

The  deformation  of  this  i,  shown  injure tic  TcZrllli  ^ 

stresses  are  produced  at  the  base  or  the  die  bv  1  *  h°°P 

outside  of  the  die.  and  the  rn..n.„  .  ^  the  fl  ild  pressure  on  the 

tensile  hoop  stresses  of  about  4  o  pf°«t  the^on  °f  th**  8ectlon  glve# 

contrast  to  a  tensile  hoop  «re.a  o*l  l  fl°P„ f  18  *" 

Identical  internal  geometry  fi  e  die  Pf  DJ8  08818,1  2»  which  had  an 
in  CM.  caae  ™-nSTTs2£.lL5SS;  *“ 

In  line  with  the  O-rlng'at  the'dte^ae^  br.[^^ln8  ttla  dl*  °rlf-c*  ^Waging 
the  twisting  of  the  cross  section  and  '  *  arrangement ,  which  should  reduce 

he.  worked  ImgStSU  1.  «SLftg2S2r“1' 


Die  Dealttn  5 


Figure  58-Th*Thle*dle°rep^eMsUa*tenntlyeideng^ibeeed*TO  con»lddratlonnof 
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previous  die  configurations,  billet  handling,  and  seal  arrangements .  This 
concept  places  the  die  seal  in  a  groove  in  the  container  bore,  with  the 
position  of  the  seal  being  apparent  In  Figure  58  by  the  extent  of  fluid 
pressure  on  the  outside  of  the  die.  In  the  analysis,  the  dimensions  were 
normalised  to  a  one-inch  container  bore  dianeter,  with  the  billet  dimension 
corresponding  to  a  11- inch  diameter  billet  in  12- inch  bore  container. 

The  calculated  deformation  is  shown  in  Figure  59.  The  results  indi¬ 
cate  that  the  fluid  support  maintains  compressive  hoop  stress  in  the  exit  region 
of  the  die,  but  that  tensile  stresses  appear  in  the  thin  leading  edge,  where  the 
hoop  stress  is  calculated  to  be  about  2.2  times  the  fluid  pressure,  while  the 
corresponding  maximum  shear  stress  is  about  1.8  times  the  fluid  pressure. 

Since  the  high  stress  levels  at  the  leading  edge  of  the  die  would 
limit  the  pressure  capability  of  the  die  severely,  die  design  modifications 
were  investigated  to  reduce  these  stresses.  These  die  modifications  are 
designated  as  A,  B,  and  C  in  Figure  58,  and  Table  XVII.  Three  approaches  were 
used.  The  first  approach  was  to  reduce  the  billet  diameter  (Modification  A), 
in  order  to  increase  the  die  wall  thickness .  The  second  approach  was  to 
Increase  the  die  angle  from  22.5  degrees  to  30.0  degrees  (Modification  B). 
Modification  C  combines  both  of  these  modifications.  The  computed  values  of 
the  critical  stresses  at  the  leading  edge  are  listed  in  Table  XVII  for  each  of 
the  modifications,  and  it  is  seen  that  significant  stress  reductions  are 
achieved . 


TABLB  XVII.  SIMMARY  OF  CALCULATED  STRESSES  IN  LEADING  BDCK  Of  DIE  DISICN  5 
AND  MODIFICATIONS  A,  I,  AND  C  FOR  LARGE  BILLET /BORE 
DIAMETER  RATIOS 


llllat 

Bora 

Dlawter 

Ratio 

Half 

Dla 

Angle 

Billet 
Reduction 
in  Area, 
percent 

Critical  str..... 
Maxim*  Maxlmaa 

Tenaila  Shear 

Strata'*'  Strata'*) 

Praaaure  Limitation# 
Lapoaed  by  Die  Metariel 

run  emuiu  giseum!*> 

H-50  Steel  Tungataa  Cerbtde 

Design  No.  5 

11/12 

22.5* 

67 . 2 

2.2 

1.8 

0.45  x  tenaila  atrength 
0.555  x  sheer  atrength 

112,000  pel(c) 

62,500  ftlW 

Modification  A 

5/6 

22.5* 

77.0 

0.8 

1.0 

1.25  x  tensile  strength 
1.0  x  shear  atrength 

200,000 

117.000  polM) 

Modification  B 

11/12 

30.0* 

87.2 

1.1 

1.0 

0.91  x  tensile  strength 
1.00  x  a hear  strength 

200,000 

137.000  polW 

Modification  C 

5/6 

30.0* 

77.0 

0.1 

0.7 

10.0  x  tensile  atrength 
1.43  x  aheer  atrength 

205,000  ,.1<C) 

460.000  »«1<«> 

(•)  Beeed  on  a  fluid  praaaure  normalised  to  1.0  pal. 

(b)  Limits  Imposed  only  at  tht  relatively  high  blllet/bore  dtmsetar  ratio*  Indicated. 


(c)  Praaaure  limitation  due  to  shear  atraaa  most  severe, 

(d)  Pressure  limitation  due  to  tensile  stress  most  severe. 
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From  the  foregoing  analysis,  the  pressure  capability  of  the  Die 
Design  5  was  estimated  for  two  materials  {  M-50  tool  steel  and^ungsten  carbide 
The  strength  values  assumed  for  M-50  tool  steel  were:  ^  carbide. 


tensile  yield  strength  -  350,000  psi 
ultimate  tensile  strength  -  410,000  psi 
ultimate  compressive  strength  -  540,000  psi 


dl*  tenslle  8tre8s  was  taken  as  350,000  psi,  the  tensile 
mm,trn,tJ,uTh'  maximum  allowable  shear  stress  was  taken  as  0.5  times  the 
oppressive  yieid  strength  which  was  estimated  to  be  400,000  psi.  The  strength 
values  for  tungsten  carbide  were  taken  as:  P  strength 


ultimate  tensile  strength  -  150,000  psi 

ultimate  compressive  strength  -  650,000  psi 


A  maximum  allowable  slear  stress  was  taken  as  0.5 
strength. 


times  the  compressive 


eh-  i  Thf  *8tl“ated  Pressure  capabilities  of  the  four  dies  are  listed  in 
I  Jable  Xm-  The  eelfltlvelV  low  tensile  strength  of  J„£- 

fic«l£  J  wJ^  tJ!.  hC  th*  flr,t  three  de8l8n8‘  However ,  for  Modi¬ 

fication  C,  with  the  maximum  hoop  tensile  stress  reduced  to  0.1  the  high 
compressive  strength  can  be  utilised.  gh 

billet  di«2!t.C*aCUl<ltir8  Sh0W  th8t  there  18  8  llmitati°n  on  the  maximum 
7,  dl*“J*r  for  a  Blven  container  bore  diameter.  In  particular  for  a 

percent)h  Jhe  fl  Jd  ‘  12-°"ln=h  *han,ber  (a"d  for  a  billet  reduction’of  87 

H  250  000  «i  hPre88Uy!,  *  'Biued  t0  ab0Ut  200’000  P8i’  Pressures  up 
reduet  inn  i  L  Po^lble  for  this  billet  diameter  if  the  billet 

30  dewees  Zf*1  ?5e«er>  or  lf  the  d*8  half  angle  is  increased  beyond 

Mll-f  dilLtfr  f  0"  ^  ?ata  °f  T8ble  XVII>  an  estimate  of  the  maximal 
billet  diameter  for  extrusion  at  250,000  psi  has  been  made  With  an 

angle  of  30  degrees,  the  maximum  billet  diameter  for  a  carbide  die  is  10  5 

S£^J?..'5J£5L'irl  •t~‘  «•  io»  £  ,i*“;  L 

°  die-Pres»ure  capabilities  are  based  on  such  factors  as 
the^tltfde/b111*  pre8s“re  distributions  and  allowable  die  stresses.  Thus 

weci1e,Hi88l,fe<C!1PfbiUtieS  C°Uld  b®  ®ither  con8ervative  or  optimistic’ 

•nd  precise  die  limitations  can  only  be  determined  through  experience. 

-  ^  In  ^he  die  calculations,  one  further  aspect  considered  was  the  effort 

as  shi^in  Fi*  die«°  hr  *  8harp  leadin*  ^86  rather  than  the  small  flat 
as  shown  in  Figure  58.  It  was  found  that  this  addition  of  material  was  not 


Approximate  Die  Analysf « 


The  results  of  the  computer  stress 
designs  illustrate  the  sensitivity  of  the  die 


calculations  for  the 
stress-distribution 


various  die 
to  variations 
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in  design  parameters.  However,  to  show  the  factors  which  He  behind  the  die 
response,  and  to  determine  limitations  on  extrusion,  an  approximate  analysis 
has  been  formulated.  The  die  was  represented  as  a  thick-walled  ring  as  shown 
in  Figure  60.  It  was  assumed  that  the  ring  thickness,  t,  approximates  the 
mean  die  wall  thickness.  If  a  fluid  pressure,  pf,  acts  on  the  outer  redlus 
r0  and  a  billet  pressure  pj,  acts  on  the  inner  radius  rj,  and  A.  and  A?  are  the 
original  and  extruded  cross  sectional  areas  of  the  billet  respectively.  The 
hoop  stress,  era,  can  then  be  expressed  as  a  ratio  to  the  fluid  pressure  as 
follows: 


r  <2  -  t/r0> 


t/ro(2  -  t/rQ) 


(25) 


where  t  •  r0  -  r{  is  the  wall  thickness  of  the  ring.  The  hoop  stress  as 
predicted  by  this  relation  is  plotted  in  Figure  60  as  a  function  of  percent 
reduction  in  area,  (1  -  A2  /Aj)  x  100  for  a  range  of  wall  thickness.  While 
these  curves  cannot  be  expected  to  give  accurate  quantitative  results,  they 
do  show  qualitative  behavior  which  is  consistent  with  the  results  of  the 
computer  stref  .  calculations.  For  large  reductions  in  area,  the  hoop  stress 
is  ccmpresslve  even  when  the  wall  thickness  is  small  and  this  results  from 
the  fact  that  the  billet  pressure  on  the  die  face  very  nearly  balances  the 
fluid  pressure.  For  smaller  reductions,  the  hoop  stress  is  many  times  the 
fluid  pressure  even  for  a  very  thick-walled  die. 


The  fact  that  high  hoop  stresses  result  from  small  reductions,  is 
balanced  by  the  fact  that  pressures  for  small  reductions  are  relatively  low. 
The  pressure  required  for  extru.ion  can  be  estimated  as 


P 


f 


Y 

m 


(26) 


where  Ym  ia  the  mean  yield  strength  of  the  metal.  Equation  (26)  can  then  be 
rewritten  as  a  ratio  of  ctq  to  the  yield  strength  as  follows: 


m 


t/ro  (2  -  t/ro)  (1 


(27) 


This  relation  is  plotted  in  Figure  61.  It  is  seen  that  for  small  reductions  in 
area,  the  die  hoop  stress  approaches  the  metal  yield  strength  for  a  very  thick 
walled  die.  On  the  other  hand,  for  a  very  large  reduction  the  hoop  stress  can 
have  compressive  values  much  higher  than  the  metal  yield  strength. 
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FIGURE  60.  MAXIMUM  CALCULATED  HOOP  STRESS  IN  RING  DIE  COMPARED 
TO  BILLET  YIELD  STRENGTH  AS  A  FUNCTION  OF  PERCENT 
REDUCTION  IN  AREA  AND  MALL  THICKNESS 


FIGURE  61.  MAXIMUM  CALCULATED  HOOP  STRESS  IN  RING  DUE  COMPARED 
TO  FLUID  PRESSURE  AS  A  FUNCTION  OF  PERCENT 
REDUCTION  IN  AREA  AND  WALL  THICKNESS 
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Simmer  v 


Ir.  At..  A  T?e  of  thl*  *n“1y*1*  »i*  to  calculate  the  atreaaea  that  exiat 

The  results^show^that  £  .^e"  S*411'*- 
highly  dependent  on  other  factors  In  addition  to  the  fluid  < 

rar-rr 

of  the  Important  conclusions  of  this  study  are: 


(1) 


(2) 


(3) 


(A) 


(5) 


Fluid  pressure  support  can  In  many  cases  completely 
eliminate  tensile  hoop  stresses  during  extrusion.  It 

*-?**rf  th*t  thi*  *lw*y’  tflu  occur  when  the  percent  billet 
reduction  in  are.  is  relatively  large  (say,  grater  thin 

Excessive  fluid  support  can  in  some  cases  result  la  very 
large  compressive  stresses,  so  that  failure  of  the  die 
material  In  shear  can  occur.  In  other  cases,  fluid  pressure 
acting  at  the  base  of  the  die  causes  twisting  of  the 

ll°th  •®Ctl°n’  f™1  tr1*  pr°duce*  l*r«e  tensile  stresses 
In  the  top  portion  of  the  die.  The  Mount  of  fluid 

support  should  thus  be  controlled  by  positioning  the 
le  seal  so  that  it  Is  in  line  with  the  die  orifice 
bearing  surface. 

In  cases  of  relatively  large  area  reductions  with  the  proper 

“bnihl  *UPP?rt-  the  U"ltin«  factor  in  die  daH^T 
will  be  the  compressive  stress  which  csn  be  supported  at 

Si  jHd  *  1C-  ,tre“  U  *"*•  (  ^  then 

the  fluid  pressure. 

For  small  area  reductions  (say,  less  than  50X)  there  will 
°°  th“  fluld  pressure  capability 

dll  Thl^H^M  ^  the.  ten,lle  ho°P  stresses  in  the 

Wille  the  analysis  perform*!  herein  applies  strictly  only 
to  dies  with  circular  orifices,  similar  conclusions7  7 
concerning  the  proper  asount  of  fluid  support  would  also 

be  generally  valid  for  other  die  orifices  (such  as  tee 
sections) . 
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ECONOMIC  ANALYSIS  OF  HYDROSTATIC  EXTRUSION 


The  put rose  of  this  section  is  to  evaluate  the  economics  of  the 
hydrostatic  extrusion  process  and  to  relate  the  findings  to  more  conventional 
processes.  The  hydrostatic  extrusion  process  can  manufacture  certain  products 
in  competition  with  conventional  extrusion,  drawing,  and  shear  forming. 

While  combining  many  features  of  these  conventional  metalworking  processes 
hydrostatic  extrusion  does  not  completely  displace  any  one  process.  Therefore, 
economic  comparisons  mist  be  considered  on  the  basis  of  making  a  particular 
product.  The  features  of  the  hydrostatic  extrusion  process  will  be  described 
*<ii  u  ba®lc  aa8umPtions  of  the  economic  analysis  given.  An  economic  analysis 
will  then  be  made  and  applied  to  processing  of  conventional  materials,  refractory 
materials,  difficult-to-extrude  materials,  and  to  the  production  of  tubes  and 
shapes. 


Hydrostatic  extrusion  offers  the  foliating  advantageous  features: 

(X)  There  is  no  contact  between  container  and  billet 

(2)  Long  billets  with  high  L/D  ratios  may  be  extruded 

(3)  Billets  may  be  of  any  cross-sectional  shape 

(4)  Long  liner  and  die  life 

(5)  Small  die  angles  can  be  used  because  the  hydrostatic 
fluid  supports  the  dies 

(6)  Tungs ten-carbide  dies  may  be  used  for  exceptionally 
long  life 

(7)  Because  of  the  low  die  wear,  excellent  dimensional 
control  can  be  maintained  over  the  length  of  the 
extruded  product 

(8)  Hard-to-work  or  brittle  materials  may  be  hydrostatically 
extruded  without  cladding. 

(9)  Heavier  reductions  are  possible  relative  to  a  conventional 
drawing  operation 

(10)  Increased  strength  due  to  cold  working. 
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Th*  Halting  features  of  the  hydrostatic  extrusion  process  are: 

(1)  Dimensions  of  thj  stea,  liner,  and  die  must  be  maintained 
vlthin  close  tolerancea  to  effect  sealing 

(2)  The  billets  must  be  nosed  to  conform  to  the  die  angle  ao 
that  a  high-pressure  seal  can  be  established.  This  may  be 
costly  in  the  case  of  re-extrusion  of  shapes. 

(3)  Manipulation  of  seals  and  fluid  could  raise  the  processlM 
costa. 


(4)  Hydrostatic  extrusions  have  a  cold-worked  structure  which 
may  require  annealing  for  some  materials  and  application . 

(5)  Smaller  extrusion  ratios  are  possible  compared  to  the  hot 
extrusion  process. 

As  with  most  new  processes,  hydrostatic  extrusion  la  subject  to  soa* 
unknowns,  such  as  the  life  of  seals  and  tooling  (container,  stem,  and  die), 
which  have  not  been  completely  evaluated  at  this  point.  Thus,  the  analysis 
of  hydrostatic  extrusion  la  necessarily  more  uncertain  than  would  be  a  similar 
economic  analysis  of  conventional  extrusion. 

Using  empirical  equations^  ^  relating  pressure  and  extrusion  ratios 
for  the  hydrostatic  axtrualon  of  several  materials,  the  following  -«<— 
extrusion  ratio*  were  calculated  for  fluid  pressures  of  250,000  pal  and  450,000 

Dl  1  ! 


ItoterUl 

Estlaiated  Extrusion 
B«Llp«  for  a  Given  Prea.uri 
250.000  nal  A  SO  non 

Beryllium  (hot  pressed) 

7:1 

40:1 

TZM  Molybdenum  (recryatallized) 

7:1 

40:1 

A-286  Iron  Base  Superalloy  (hot  worked 
and  solution  treated) 

6:1 

32:1 

Inco  718  Nickel  Base  Superalloy  (hot 
worked  and  solution  annealed) 

4:1 

12:1 

T1-6AI-4V  Titanium  Alloy  (mill  annealed) 

5:1 

16:1 

AXSI  4340  Steel  (mill  annealed) 

7:1 

32:1 

7075-0  Aluminum  Alloy  (annealed) 

2100:1 

m 
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Theie  values  are  rounded-off  to  the  neareat  whole  number  and  are  nwant  only 
aa  guides.  The  extruelon  ratios  Indicated  for  450,000  pal  were  extrapolated 
from  data  obtained  up  to  about  250,000  and  therefore  are  very  approximate. 

Ho  limiting  value  le  shewn  for  aluminum  at  preaaures  of  450,000  pal,  since  the 
1**®*  reductions  predicted  may  be  neither  very  accurate  nor  practical. 

In  this  economic  study,  It  la  assumed  that  both  hydrostatic  extrusion 
and  conventional  extrusion  would  be  done  on  the  same  17,000  con  press  with 
appropriate  changes  In  tooling.  Moat  of  the  economic  analyses  were  based  on 
tu-lng  a  250,000  psi  contalrer  because  many  of  the  appropriate  parameters  have 
b«an  established  In  experimental  programs  at  this  pressure  level.  Some  general 
analys la  of  hydrostatic  extrusion  was  performed  to  establish  approximate 
convert Ion  coats  on  the  saae  press  using  fluid  pressures  of  450,000  psl. 


Press  and  Average  Conversion  Costs 


The  cost  of  the  basic  hydro«;*tlc  extrusion  press  and  a  variation 
of  the  original  design  were  determined  using  standard  industrial  techniques. 

The  basic  press  will  meet  the  design  goals  of  this  program  and  has  been 
described  in  a  pravlous  section.  The  press  variation  referred  to  as  a  dual 
purpose  preaa  would  have  a  ram  stroke  of  150  Inches  so  as  to  be  adaptable  to 
conventional  extrusion  and  could  have  either  a  ram  speed  of  100  ipm  or  720  1pm, 
depending  on  the  hydraulic  pumping  system  selected. 

®*t**,t*d  pree*  costs  were  obtained  by  determining  the  cost  of: 

(1)  engineering,  (2)  manufacturing  press  components  and  tools,  and  (3)  comnerclal 
whlch  would  be  required  to  build  the  basic  hydrostatic  extrusion  press. 
***••*  were  than  modified  to  determine  the  cost  of  the  design  variations. 

The  estimated  coats  of  the  basic  hydrostatic  extrusion  press  and  the  dual  purpose 
preaa  capable  of  extruding  at  '20  1pm  are  .shown  on  Table  XVIII. 

Theae  estimated  coats  for  a  press  of  17,000  ton  capacity  can  be  used 
to  obtain  approximate  coats  for  similar  presses  of  different  tonnages,  by  using 
the  following  factor:  B 

( Tonnage  of  Prers  aN0,  7 
^Tonnage  ol  Press  B/ 

The  factor  la  applied  to  the  known  cost  of  one  press  to  estimate  the  cost  of 
another  preaa.  Tor  example,  a  14,000  ton  basic  hydrostatic  extrusion  press 
would  coat  approximately: 

(iM®*  °'8729 

$5,989,152  x  0.8729-  $5,228,000 

This  factor  should  only  be  used  to  compare  presses  with  tonnage  ratings  within 
about  50  percent  of  the  press  for  which  th<  cost  is  known. 


TABLE  XVIII. 


SUMMARY  OF  THE  COSTS  TO  CONSTRUCT  A  HYDROSTATIC 
EXTRUSION  PRESS  AND  A  DUAL  PURPOSEPRESSOT 
17,000-TON  CAPACITY 


Items 

Basic  Hydrostatic 
Extrusion  Press 

Dual  Purpose 

Press 

Hydraulic  Pumping  System  00 

Press  and  Materials  Handling  System 
Tooling  (containers,  steam,  mandrel, 
Cost  at  the  Construction  Site 
Installation  Costs 

TOTAL  COST 

$1,090,600 

3,672,602 

etc‘>  — 3SLm 

$5,149,152 

- ttQ.PQQ 

$5,989,152 

$1,878,850 

3,965,102 

-JL.s81g.423 

$7,062,377 

- tefl.QW 

$7,902,377 

major  press  component*.  Standard  coamerclal  eitimatlnaTIri.^  “** 
were  employed  to  determine  these  values.  ““ting  technique* 


(l>)  The  hydraulic  pumping  systems  are  designed  to  per. 
the  basic  hydrostatic  extrusion  press  at  100  1pm  i 
purpose  press  at  720  1pm. 


extrusion  In 
in  the  dual 
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A  17,000  ton  extrusion  press  cannot  function  efficiently  without 
proper  support  equipment*  The  amount  and  size  of  the  support  equipment 
required  by  a  17,000  ton  press  makes  it  unlikely  that  this  equipment  would 
be  available  in  an  existing  industrial  plant.  Therefore,  in  order  to  obtain 
a  realistic  estimate  of  conversion  costs  for  both  hydrostatic  and  conventional 
extrusion  an  entirely  new  extrusion  plant  was  postulated  as  necessary  and 
used  in  calculating  conversion  costs.  Th  •  estimated  extrusion  plant  costs  for 
a  hydrostatic  extrusion  press  and  a  dual-p  irpose  extrusion  press  are  shown  in 
Table  XIX.  The  major  differences  between  the  two  proposed  plants  are  in  the 
construction  costs,  press  costs,  and  billet  heating  facilities. 

Estimated  conversion  costs  for  both  hydrostatic  and  conventional 
extrusion  on  a  dual-purpose  press  are  given  in  Table  XX.  For  this  dual- 
purpose  plant,  the  cost  per  hydrostatic  extrusion  was  calculated  to  be  $46.29 
and  a  corresponding  value  for  conventional  extrusion  was  found  to  be  $77.50. 
Assuming  the  typical  billet  sizes  shown  in  Table  XX,  it  is  seen  that  the 
volume  of  a  conventional  extrusion  can  be  more  than  twice  the  volume  of  a 
hydrostatic  extruolon.  On  this  volume  basis  then,  the  conversion  cost  per 
cubic  inch  for  hydrostatic  extrusion  ($0.00528)  is  25  percent  more  than  the 
comparable  cost  for  conventional  hot  extrusion  ($0.00417).  Hydrostatic 
extrusions  made  in  a  plant  designed  exclusively  for  this  operation  would  have 
a  slightly  later  conversion  cost  per  cubic  inch  of  extrusion  ($0.00490). 

®*i*  lower  cost  would  be  due  to  the  reduced  capital  outlay  required  to  build 
a  single  purpose  hydrostatic  extrusion  facility.  Conversion  costs  for 
conventional  extrusion  would  not  appreciably  change  if  the  plant  was  designed 
eoley  for  conventional  extrusion.  This  is  because,  in  this  case,  the  only 
major  reduction  in  capital  expense  would  be  in  the  cost  of  hydrostatic 
extrusion  tooling  and  this  cost  amounts  to  less  than  2  percent  of  the  total 
plant  coat. 

There  are  many  deviations  from  average  cost  values  which  can  change 
the  relative  costs  between  the  two  processes.  Further  there  are  many 
commercial  processes  in  which  coats  are  related  to  the  product  dimensions  or 
shape  rather  than  the  theoretical  weight  output  of  the  process.  Several  of 
these  ceaes  will  be  illustrated  and  discussed  in  the  following  sections. 
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TABLE  XIX. 


TOTAL  ESTIMATED  COST  FOR  AN  EXTRUSION  PLANT  HTth 
A  HYDROSTATIC  EXTRUSION  PRESS  OR  A  DUA^PURPMr" 
EXTRUSION  PRESS  OF  1 7 , 000- TONS  CAPACITY 


_  Items 

Land  (40  acres) 

Construction  (land  improvements,  buildings, 
and  cranes)  J  * 

Equipment: 

Extrusion  Press 

Stretch-straightener  (2500-ton  capacity) 
Billet  heating  furnaces 
Heat  treating  furnaces 

Materials  handling  (not  related  to  the 
press) 

Miscellaneous  (accessory  tooling,  etc.) 

Service  equipment  (maintenance,  shipping, 
laboratories,  etc,) 

TOTAL  PLANT  COST 


Dual 

Purpose 

Plant 


$  40,000 


Hydrostatic 
Extrus ion 
Plant 

$  30,000 

3,743,000 

5,985,000 

2,000,000 

1,500,000 

758,000 

350,000 

ms.ooo 

$15,585,000 


4,715,000 

7,902,000 

2,000,000 

1,500,000 

1,500,000 

880,000 

350,000 

rniiiss 

$20,102,000 
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TABLE  XX.  ESTIMATED  ANNUAL  OPERATING  COSTS  FOR  BOTH  HYDROSTATIC  EXTRUSION 

AND  CONVENTIONAL  EXTRUSION  ON  THE  17  ,000- TON  DUAL  PURPOSE  PRESSfa) 


Personnel 

(85  salaried  and  122  hourly  employees) 
Malntanance 

(4%  aqulpncnt  +  27.  buildings) 

Depreciation  (5 TL  equipment  +  2.57.  buildings) 
Miscellaneous  Supplies  (207.  direct  labor) 
Major  tooling  (containers  and  stems) 

Liquid  make-up  and  seals 
Water 

Electric  power 
($0.015/kvhr) 

Building  heat 
(141,000  aq  ft) 

Industrial  heat 

(billet  heating  and  heat  treating) 

TOTAL  ANNUAL  OPERATING  COST 

Operating  cost/hr 

Niaaber  of  extrusions  per  year 
(71X  efficiency) 

Cost  per  extrusion 
(without  die  and  mandrel  costs) 

Cost  per  extrusion 

(including  a  prorated  die  and  mandrel  cost) 
Typical  billet  size 

Typical  billet  volume 
Conversion  cost/ln.3of  extrusion 


Hydrostatic 

Extrusion 

Conventional 

Extrusion 

Total  Annual 
Costa  for  Both 
Operations 

$  874,800 

$  901,800 

$1,776,600 

320,000 

388 , 140 

780,140 

397,000 

488,170 

885,170 

82,000 

82,000 

164 ,000 

134,000 

151,000 

285,000 

62,500 

- 

62,000 

5,000 

5,000 

10,000 

114,000 

114,000 

228,000 

24,750 

24,750 

49,500 

_ 300.000 

1.720.000 

-kflZQ.OW 

$2,314,050 

$3,874,860 

$6,188,910 

$1,157 

$1,937 

50,000 

50,000 

$46.20 

$77.50 

$48.20 

$85.27 

11  In.  OD  x 

20  in.  OD  x 

96  in.  long 

65  in.  long 

9123  In.3 

20,420  in.3 

$0.00528 

$0.00417 

(•) 


It  was  assumed  that  each  process  is  used  2000  hr/yr. 
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tegngnta  AmAvlS  Applied  to  Various  Material. 


Cf»»nnn«.Ai  “n*ly*|*  was  made  °r  the  rcl',llve  writs  ol  the  hydrostatic  and 
conventional  extrusion  procesaes  as  applied  to  the  extrusion  of  rounds  and 

ST/***1;  aJluminu,n-  tlcanlu°.  refractory  metals,  nickel  alloys, 
h  .  y  lum*  ThlB  analysl«  was  based  upon  the  operating  costa  estimated  for 
the  dual-purpose  extrusion  press  designed  during  this  program.  Only  direct 
conversion  costs  were  calculated.  These  conversion  costs  indicate  how  much  it 
costs  to  process  a  particular  metal  through  an  extrusion  operation.  The  coat 
figures  shown  in  these  sections  should  not  be  confused  with  selling  prlcea 

shinning  *lB0  inClude  “terl»l  coat*.  Profit,  selling  expensee!*p£cking  and 
shipping  charges,  corporate  overhead,  etc.  Each  of  the  conversion  coeta^ 

Th^^ieM  18  SUbJeCt  t0,”0dlflcat  10,18  reflecting  expected  process  yield.. 

aa.tL1L5SJgJL?  “.g  — ‘  -am.  mil—  -wi.  rn.,. 


A1S1  4340  Steel 


An  analysis  was  made  of  the  extrusion  of  AISI  4340  steal  into 
-elatively  simple  shapes  by  hydrostatic  and  conventional  techniques.  Steels 
are  normally  hot  extruded  in  the  temperature  range  from  2000  to  2300  F.  In 

Ib^rirrn/ir- hi?h  e*tru8ion  r,ti°* are  bUt  both  8l.. 

1C“  r  .  8h  rualon  sPeed*  ■*«  b«  “"Ployed  to  obtain  raaeontble  tool 
for  i  !l0n  a"d  convcntion«1  hot  extrusion  processing  parameters 

for  AISI  4340  steel  can  be  compared  from  the  data  in  Table  XXI.  These  parasmtera 
sauroe  that  the  17,000-ton  dual  press  developed  in  this  study  would  be  uaad  for 

Dr^essPrIn°f  axt™slon-  U“  in«  the*e  parameters,  the  conventional  hot-axtruaion 
process  cen  outproduce  the  hydrostatic  extrusion  process  more  than  2  to  1  on  a 

basis.  Further,  the  hot  extrusion  process  can  produce  a  product  with  a 
smaller  cross-section  than  can  the  hydrostatic  extrusion  process  axcept  when  a 
drawing  force  la  applied  to  the  product  (HYDMH) . 


One  of  the  i„p0rt«nt  factors  which  significantly  influence  conversion 
cost  per  pound,  however,  Is  die  cost.  Die  life  is  relatively  abort  in  hot 
extrusion,  especially  in  the  production  of  shapes  where  the  die  can  only  be 
reworked  a  few  times  before  it  must  be  scrapped.  Because  di?  life  can  only  be 

.yDr!lhiMteatf0wrCh  the  conversion  cost  per  pound  was  calculated 

over  a  probable  die  life  range  for  each  process  to  Indicate  the  general  trends. 
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TABLE  XXI. 


CONDITIONS  USED  IN  ECONOMIC  COMPARISON  OF  CONVENTIONAL 
AND  HYDROSTATIC  EXTRUSION  OF  AISI-4340  STEELS 


Item 

Conventional 

Extrusion 

Hydrostatic 

Extrusion 

Billet: 

Diameter,  in. 

20<a) 

ll(c) 

Length,  In. 

65<b> 

96(c) 

Haight,  lb 

5779 

2580 

Production  rata,  billet/hr 

35 

35 

Potential  output,  lb/hr 

202,260 

90,300 

Maximum  practical  extrusion  ratio 

50:1 

7:1 

Extrusion  else: 

2 

Minium  cross  section,  in. 

6.24 

17.35 

Minimum  dlaamter,  In. 

2.82 

4.7 

Maximum  extrualon  ratio  practical  with 

HYHUW  (100,000  pal  draw  stress) 

" 

17.9:1 

Extrusion  also  with  KYDRAH: 

Minimum  croaa  section,  In.* 

- 

5.307 

Minimum  diameter,  In. 

' 

2.59 

(•)  This  billet  diameter  was  baaed  on  an  assumed  pressure  requirement  of 
110,000  pal  developed  by  17,000  ions  of  press  force. 


(b)  This  billet  dimension  represents  the  longest  length  that  could  be 
conventionally  extruded  on  the  dual-purpose  press. 

(c)  It  was  assumed  that  these  are  the  maximum  billet  dimensions  for  the 
12-lnch  bore  x  120  Inches  long  hydrostatic  extrusion  container. 
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Hydro! tat lc  Extrusion  Pi e  Costa.  The  die  co#  t»  to  produce  e  elnple 
shape  using  the  hydrostatic  extrusion  process  were  calculated  in  the  followlM 
manner : 


Starting  Blank  Site:  12-inch  diameter  x  9.8  inches  long 
Weight:  315  pounds 


Die  Material:  M-50 


Material  Coat:  $  945 
Machining  Cost  (relatively  simple  shape):  350 
Scrap  Value  (15  percent  original  coat):  141 

Net  Die  Cost:  $1154 


The  life  of  hydrostatic  extrusion  dies  is  expected  to  approxlarntte  the 
life  of  conventional  cold  extrusion  dies,  since  the  stress  levels,  reductions, 
and  lubrication  systems  are  similar  for  both  processes.  Cold  extrusion  dies 
may  be  used  to  make  50,000  to  100,000  pieces  that  may  be  2  to  4  Inches  long. 

(A  die  life  up  to  1,000,000  pieces  have  been  reported  for  carbide  dies  but  these 
dies  will  not  be  considered  in  this  study  although  there  la  no  technical  reason 
not  to  use  carbide  dies  in  a  production  operation.)  On  this  basis  and  assualM 
each  hydrostatic  extrusion  is  56  feet  long  (billet  length,  8  ft  x  extrusion 
ratio,  7),  a  die  life  from  150  (  50,000  pieces  each,  2-lnches  long)  to  600  (100,000 
pieces  each,  4  inches  long)  extrusions  is  predicted.  As  with  conventional 
extrusion  dies,  hcvever ,  these  hydrostatic  extrusion  dies  can  be  reworked, 
perhaps  four  times,  to  obtain  a  die  life  In  the  order  of  2400  extrusions.  To 
keep  the  economic  ccaparlson  on  a  conservative  basis,  however,  no' dlj  raworkiM 
wa?  assyped  and  a  die  life  range  of  150  to  600  extrusions  was  used  In  this  study. 


CPBYmlWtfl  Extrusion  Die  Costs.  The  die  costs  for  the  conventional 
hot  extrusion  process  were  calculated  in  a  similar  manner  to  those  for  hydro¬ 
static  extrusion: 


Starting  Blank  Sise:  20- inch  diameter  x  12-8/8  inches  long 
Weight:  1070  pounds 

Die  Material:  H-ll 

Material  Cost: 

Machining  Cost  (relatively  aimple  shape): 

Scrap  Value  (15  percent  original  cost) 

Die  Cost: 


Rework  4  times  at  $  150/rework: 


Net  Die  Cost: 


$1070 

500 

160 

$1410 

-  $00 
$2010 
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Hot  extrusion  dies  have  been  reported  to  have  a  die  life  which  may 
vary  from  1  to  75  extrusions  before  the  die  oust  be  reworked.  The  life  depends 
on  the  die  material,  billet  material,  amount  of  reduction,  and  the  shapes 
required.  Despite  the  reported  long  die  life,  a  die  life  of  25  extrusions  per 
die  before  reworking  is  generally  considered  very  good.  Conversion  costs  were 
estimated  for  a  total  die  life  range  of  40  to  100  extrusions,  based  on  a  die 
life  range  of  10  to  25  extrusions  before  reworking  and  upon  reworking  four 
times.  Conversion  costs  were  also  calculated  for  a  total  die  life  of  25  and 
ISO  extrusions  to  illustrate  the  cost  trends  in  these  ranges. 

With  these  estimated  net  die  costs,  the  billet  weights  shown  in 
Table  XXI,  and  the  conversion  cost  data  given  in  Table  XX,  Table  XXII  was 
constructed.  This  table  shows  the  influence  of  die  life  on  the  conversion 
cost  per  extrusion  and  on  the  conversion  cost  per  pound  of  extrusion,  based 
on  the  assumptions  used  in  this  analysis.  It  is  seen  that  if  the  die  life  of 
40  extrusions  la  assumed  for  conventional  extrusion,  the  cross-over  point  for 
roughly  equal  conversion  costs  per  pound  is  a  die  life  of  100  extrusions  for 
hydrostatic  extrusion.  As  pointed  out  earlier,  hydrostatic  extrusion  die  life 
is  estimated  to  be  in  the  range  of  150  to  600.  If  this  range  would  be 
achieved,  the  conversion  costs  per  pound  for  hydrostatic  extrusion  v^uld  be 
leas.  However,  if  a  conventional  extrusion  die  life  of  100  is  obtained,  the 
conventional  extrusion  process  would  he  cheaper,  regardless  of  the  die  life 
achieved  in  hydrostatic  extrusion.  However,  it  should  be  kept  in  mli  d  that 
the  two  processes  produce  different  quality  products.  Hydrostatic  extrusion 
will  produce  a  product  having  mechanical  properties  and  surface  finish 
comparable  to  a  cold-drawn  shape  and  have  tolerances  of  the  order  of  ±0.002 
inch.  The  hot-extruded  product,  on  the  other  hand,  would  be  relatively  soft 
and  would  have  tolerance  of  the  order  of  ±1/16  Inch.  To  get  a  comparable 
surface  finish,  the  hot-extruded  product  would  have  to  be  machined  or  cold 
drawn,  both  of  which  would  add  appreciably  to  the  conversion  cost. 

In  order  to  produce  a  hydrostatic  extrusion  equivalent  in  size  to 
one  obtainable  from  hot  extrusion,  the  HYDRAW  technique  would  have  to  be  used. 

In  this  case,  however,  the  extrusion  length  would  be  limited  to  the  draw  stroke 
of  the  pulling  apparatus. 

A  calculation  of  conversion  costs  from  the  450,000  psl  liner  illustrates 
that  this  container  would  be  used  only  for  very  special  products.  A  billet 
for  the  450,000  psl  chamber  may  measure  up  to  5  Inches  dlametei  x  24  Inches 
long  and  would  weigh  133  pounds,  if  made  from  steel.  Roughly,  the  conversion 
costs  for  this  billet  would  be: 

$46.29/extrus ion  j  133  lb/extruslon  ■  $0. 347/lb 

To  this  value  must  be  added  a  die  charge.  Since  this  conversion  cost  is  at 
least  an  order  of  magnitude  greater  ihsn  most  conventional  primary  metalworking 
processes,  it  is  apparent  that  this  container  and  pressure  level,  while  capable 
of  making  large  reductions,  will  find  use  only  in  very  special  applications 
which  cannot  at  thla  time  be  considered  commercial  items. 
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TABU  XXII.  HYDROSTATIC  AND  CONVENTIONAL  EXTRUSION  COSTS 
FOR  4340  STEEL  AS  A  FUNCTION  OF  DIE  LIFE 


Item 


.Hydros tat ic.  Ex^rua Ion - Conventional  Extrusion 


$1154.00  $2010.00 


All  other  conversion  costs 


per  extrusion(a) 

Weight  per  extras ion(b) 

$46.29 

2580  lb 

$77.50 

5780  lb 

Conversion 

Conversion 

Convers Ion 

Conversion 

Cost  Per 

Cost  per  lb 

Cost  Per 

Cost  per  lb 

Extrus Ion 

of  Extrusion 

Extrusion 

of  Extrusion 

Die  Life  (Total  Numher 
of  Extrusions) 

25 

$157.90 

$0.0273 

40 

“ 

- 

$12  7.75 

$0.0221 

100 

$57.83 

$0.0224 

$97.60 

$0.0168 

150 

$53.99 

$0.0209 

$90.90 

$0.0157 

600 

$48.21 

$0.0186 

- 

_ 

2400 

$46.77 

$0.0181 

. 

(a)  From  Table  XX. 

(b)  From  Table  XXI. 
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The  economic  analysis  of  hydrostatic  extrusion  compared  to  conventional 
hot  extrusion  as  developed  in  the  foregoing  can  be  applied,  with  only  slight 
nod  If  lea  clone,  to  a  wide  variety  of  materials  as  will  be  shown  in  subsequent 
sections. 


Aiwlw  iaA  Almima  Align 


Aluminum  and  aluminum  alloys  are  generally  considered  to  be  easy  to 
extrude.  In  conventional  processing,  these  metals  flow  at  relatively  low 
pressures  when  heated  between  650  end  950  F  and  are  generally  extruded  without 
lubricants  through  flat-face  dies.  Aluminum  and  Its  alloys  are  also  easy  to 
hydros  tat  lcs.lly  extrude.  These  metals  can  be  reduced  by  l.\rge  amounts  at  room 
temperature  using  only  modest  fluid  pressures,  (100,000  to  150,000  psi).  Hydro¬ 
static  extrusion  and  conventional  extrusion  will  be  compared  on  the  basis  of 
the  conditions  shown  In  Table  XXIII. 


The  production  output  for  conventional  extrusion  of  aluminum  and 
aluminum  alloys  are  restricted  by  metallurgical  factors.  Aluminum  and  aluminum 
alloys  are  sensitive  to  the  extrusion  exit  speeds.  At  high  exit  speeds,  these 
materials  tend  to  develop  surface  cracks  due  to  incipient  melting.  Coranerclal- 
purity  aluminum  is  extruded  at  exit  speeds  up  to  50  fpm.  Relatively  soft  alloys 
such  as  Al-Mn,  Al-Si,  and  Al-Mg2Sl  require  that  the  exit  speeds  be  limited  to 
30  fpm  which  7075  aluminum  alloy  and  other  hlgh-Btrength  structural  alloys  exit 
the  die  at  only  3  to  4  fpm. Experimentally,  Fiorentino,  et  al,(H)  have 
demonstrated  that  7075  aluminum  alloy  can  be  hydrostatically  extruded  at  exit 
speeds  of  250  fpm.  Such  a  large  spread  in  exit  speed  Is  a  major  difference 
between  hydrostatic  anl  conventional  extrusion  of  this  metal  and  its  Influence 
on  process  economics  wss  examined  in  detail. 

Production  output  measured  in  lb/hr  was  determined  as  a  function  of 
exit  speeds  for  each  process  using  the  following  formula: 


mutt. iHjkJS&lt  SPtgd, . fp.nil  X  ,(&9  Biaflud 

(Billet  Length,  ft)  x  (Extrusion  Ratio) 


Extrusion  Output,  lb/hr. 


The  extrusion  outputs  are  summarized  In  Table  XXIV  for  a  variety  cf  exit  speeds. 
The  hydroetatlc  extrusion  process  using  exit  speeds  of  250  fpm,  can  outproduce 
the  conventional  extrusion  process  when  the  conventional  extrusion  exit  speed 
Is  less  than  30  fpm.  The  crose-over  point  la  approximately  30  fpm;  at  higher 
exit  speeds,  conventional  extrusion  results  in  the  higm  r  production  rates. 

If  the  exit  speed  for  hydrostatic  extrusion  Is  assumed  to  be  ea  high  as  300 
fpm,  Che  theoretical  extrusion  output  would  be  34,080  Ib/hr.  However,  the 
actual  output  is  limited  by  the  capacity  of  the  material*  handling  system, 
which  In  about  35  billets/hr  or  31,850  lb/hr. 
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TABLE  XXIII.  CONDITIONS  USED  IN  ECONOMIC  COMPARISON 

OF  CONVENTIONAL  AND  HYDROSTATIC  EXTRUSION 
OF  ALUMINUM  ALLOYS 


Item 

Conventional 

Extrusion 

Hydrostatic 

Extrusion 

Billet: 

Diameter,  in. 

32(»> 

ll(c> 

Length,  in. 

65(b) 

96  (c> 

Weight,  lb 

5228 

910 

Maximum  practical  extrusion 

ratio 

60 

60 

Extrusion  size: 

Minimum  cross  section,  In.2 

13.40 

1.58 

Mlnlium  diameter,  in. 

4.13 

1.42 

(a)  Thl«  billet  dimension  wes  based  on  using  a  32-inch  diameter  liner. 

This  liner  size  is  practical  only  for  relatively  aoft  materials 
such  as  aluminum  which  can  be  extruded  at  relatively  low  unit 
pressures. 

(b)  This  billet  dimension  represents  the  longest  that  could  be 
conventionally  extruded  on  the  dual-purpose  press. 

(c)  It  was  assumed  that  these  are  the  maximum  billet  dimensions  for  the 
12-inch  bore  x  120-inch  long  hydrostatic  extrusion  container.  This 
billet  diameter  could  be  much  larger  in  a  container  designed  exclusively 
for  aluminum. 
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TAIL!  XXIV.  HYDROSTATIC  AND  CONVENTIONAL  EXTRUSION  COSTS  FOR 
ALUMINUM  AND  ALUMINUM  ALLOYS  AS  A  FUNCTION  OF 
EXTRUSION  EXIT  SPEEDS 


I  tea 


Hydro* tat lc  Extruiion 


Convention*!  Extruaion 


Fna*  operating 
Ebet/hr 

Haight  per 
extrusion,  lb 


Extruaion  Exit 
Saaad.  ft /in 


Extrusion 
Output  lb/hr 


$1157<‘) 

910 

Conversion  Coat 
per  lb  of 
- Extruaion 


Extrusion 
Output  lb/hr 


$1937<*> 

5228 

Conversion  Cost 
per  lb  of 

Jtotmlvn  . 


4 

- 

- 

3,840 

$0. 504 

30 

“ 

- 

28,800 

$0,067 

40 

- 

38,400 

$0.0504 

50 

5,680 

$0.2036 

48,200 

$0.0407 

150 

17,040 

$0.0679 

200 

22,740 

$0.0509 

250 

28,440 

$0.0406 

300 

31.850(b) 

$0.0363 

(*)  Those  operating  costs  were  obtained  from  Table  XIX. 


(b)  This  Is 
for  the 


Halt  of  output  as  restricted  by  maximum  extrusion  rate 
proposed  press.  The  theoretical  output  would  be  34,080 


of  3j  billets/hr 
lb/hr. 
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The  conversion  co.t»  thorn  In  Table  XXIV  wart  determined  by  dividing 
the  hourly  pres*  operating  coet  for  etch  procett  by  the  hourly  extrusion  out¬ 
put  et  each  exit  apeed.  Hourly  operating  coett  shown  In  Table  XIX  were 
determined  on  the*  batlt  of  a  two-thlft  operation  (2000  hr/yr/ahlft)  with  the 
preaa  time  divided  equally  between  the  two  extrualon  processes.  An  hourly 
press  cost  was  then  determined  by  dividing  the  total  annual  coats  by  2000  hr/hr. 
Values  of  $115 7/hr  and  $l937/hr  were  obtained  for  hydrostatic  end  conventional 
extrusion,  respectively. 


For  the  extrusion  of  aluminum  and  aluminum  alloys  the  coet  of  dies 
were  found  to  contribute  little  to  the  conversion  coet.  The  low  die  coet  la 
due  to  the  fact  that  the  life  of  a  die  used  for  aluminum  la  long;  a  die  life 
of  2000  extrusions  Is  quite  coteaon  for  these  alloys.  A  die  that  coet  $2100 
would  add  $1.05  to  the  cost  of  each  conventional  extrusion,  but  oo  the  basis 
of  weight  this  additional  coat  amounts  to  lees  than  $0. 0002/lb.  The  hydro¬ 
static  extrusion  billet  Is  relatively  small  compared  to  the  conventional 
extrusion  billet;  therefore,  a  higher  die  cost  was  calculated  for  the  hydro¬ 
static  extrusion  process.  This  die  cost,  based  on  a  die  coat  of  $1194  (same 
as  that  for  steel),  would  add  $0. 0006/lb  of  extrualon.  These  die  costs  are 
considered  negligible  and  are  not  Included  In  the  conversion  costs  shown  In 
Table  XXIV.  From  the  tabulated  data,  It  may  be  concluded  that  a  hydrostatic 
extrualon  operation  using  an  exit  spaed  of  250  fpm  la  cheaper  then  a  conventional 
operation  employing  an  extrusion  speed  of  40  fpm  or  less.  For  an  exit  speed  of 
300  fpm  in  hydrostatic  extrusion  the  exit  spead  for  conventional  extrualon  mat 
exceed  50  fpm  to  be  competitive. 


It  Is  also  noteworthy  to  compare  the  two  extrusion  processes  .IflEJtlM 
Production  flt  *B  Identic ll  giodust-  for  example,  conventional  extrusion  Is 
limited  to  a  minimum  extrusion  cross-sectional  area  of  13.40  square  Inches 
(See  Table  XXIII.)  for  an  extrusion  ratio  of  60:1.  If  the  aame  product  were 
made  in  the  propoaed  hydrostatic  extrusion  tooling,  the  extrusion  ratio  would 
be  only  7:1.  From  the  previoua  fornule,  it  Is  seen  that  the  extrusion  output 
Is  Inversely  proportional  to  extruiion  ratio;  thus,  for  an  extrualon  ratio  of 
only  7:1  the  theoretical  extrusion  output  for  hydrostatic  extrusion  could  be 
Increased  by  a  factor  60/7  or  8.5.  (Thia  aaiumts  an  lncraaae  in  ram  apaad  to 
maintain  a  given  exit  speed  at  the  lower  extrualon  ratio.)  With  thla  in  mind, 
consider  the  caee  for  hydrostatic  extrusion  at  50  fpm  in  Table  XXIV.  The 
extrusion  output  for  this  case  Is  5680  Ib/hr.  Theoretically,  the  output  could 
be  Increased  by  8.5  times  to  48,300  lb/hr.  However,  as  mentioned  before,  the 
maxl'ium  output  for  the  proposed  press  is  only  31,850  lb/hr.  Sven  at  this  lower 
output,  however,  tne  production  rate  at  50  fpm  (5680  lb/hr)  would  be  increased 
almost  6  times  and  the  corresponding  conversion  cost  would  be  reduced  by  a 
similar  factor  to  $0. 0363/lb.  Under  these  conditions,  hydrostatic  extrusion 
is  the  cheaper  process  even  when  limited  to  only  50  fpm,  the  exit 

speeds  attainable  In  conventional  extrualon.  Thus,  for  aluminum  alloy*  it  would 
appear  that  reducing  the  extrualon  ratio  Is  a  vary  effectiva  maana  of  Increasing 
output  and  reducing  conversion  cost. 

In  summary,  it  ha*  been  shown  that  aluminum  and  aluminum  alloys  can 
be  processed  at  lower  conversion  costs  by  hydrostatic  extrualon  over  a  wide 
range  of  exit  speeds. 
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Xlunlm-ind  liuniiui  Alims 


Titanium  and  titanium  alloys  are  conventionally  hot  extruded  between 
1850  and  1950  F  using  glass  lubricants.  Lubrication  of  titanium  is  a  very 
critical  parameter,  since  titanium  will  gall  dies  severely  whenever  the  lubri¬ 
cation  film  falls.  Care  also  must  be  taken  not  to  embrittle  the  titanium  with 
pickup  of  oxygen  and  hydrogen  during  heating  to  the  extrusion  temperature. 
Titanium  can  be  hydrostatically  extruded  at  room  temperature.  Room  temperature 
processing  minimizes  embrittlement  from  gas  pickup  and  facilitates  good  lubrica¬ 
tion.  Hydrostatic  extrusion  was  compared  to  conventional  hot  extrusion  using 
the  parameters  shown  on  Table  XXV.  The  high  yield  strengths  at  room  temperature 
of  titanium  metal  and  alloys  restrict  the  practical  extrusion  ratio  obtainable 
in  hydrostatic  extrusion  to  values  1/5  of  those  obtained  in  conventional  hot 
extrusion.  Both  processes  can  make  extrusions  comparable  in  sice  only  if  the 
conventional  process  is  limited  to  reductions  of  less  than  16:1  and  a  draw-force 
la  assumed  to  be  applied  to  the  hydrostatic  extrusion. 

Titanium  metal  and  alloys  are  notorious  for  galling  dies  whenever  the 
lubrication  systems  fall  and  the  titanium  contacts  the  die.  This  galling 
results  in  a  very  short  die  life.  The  lubrication  syatems  developed  for  the 
hydrostatic  extrusion  of  titanium  generally  prevent  galling  and  thus  the  die 
life  and  costs  can  be  assumed  equivalent  to  those  derived  previously  for  the 
hydrostatic  extrusion  of  steel.  Hydrostatic  extrualon  conversion  costs  will 
be  estimated  using  those  die  costs  ($1154  per  die). 

In  conventional  extrusion  the  lubrication  of  hot  titanium  is  a  problem. 
Several  coMMrclal  extrusion  companies  in  the  titanium  Industry  Have  determined 
that  using  precision-cast  dies  for  one  to  five  extrusions,  and  then  remelting 
the  dies,  results  in  the  lowest  die  cost  per  extrusion.  The  dies  are  coated  with 
a  ceramic  prior  to  aach  extrusion.  This  coating  usually  must  be  repaired  or 
replaced  after  each  run.  Costs  based  on  cast  dies  will  be  estimated  for 
conventional  titanium  extrusion  and  the  resultant  conversion  costs  calculated. 


Conventional  Extrusion  Cast-Die  Coats.  The  cost  of  a  cast  die  was 
determined  by  calculating  the  volume  of  a  typical  die  and  applying  factors  for 
the  catting  coat,  machining  cost  and  ceramic  coating.  These  calculations  are 
shown  below: 

Die  Size:  20-inch  OD  x  12-7/8  inrhes  long.  The  inside 
configuration  of  the  die  was  assumed  to  be  a 
10-inch  high  cone  having  a  20-inch  diameter  base. 

Die  Weight:  774  pounds 

Pie  Material :  H-ll 

Material  Coat:  $387.00  (based  on  a  finished  casting  cost 

of  $0. 50/lb) 
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TABLE  XXV. 


CONDITIONS  USED  IN  ECONOMIC  COMPARISON  OP  CONVENTIONAL 
AND  HYDROSTATIC  EXTRUSION  OP  TITANIUM  ALLOYS 


Conventional 

Extrualon 

Hydrostatic 

Extrualon 

Billet: 

Diameter,  in. 

Length,  in. 

Weight,  lb 

20<*> 

65<»> 

3267 

ll<c) 

96(c) 

1458 

Production  rate, 
billet/hr 

35 

35 

Potential  output, 
lb/hr 

114,340 

51,090 

Maximum  practical 
extrusion  ratio 

50:  i 

5:1 

Extrusion  Size: 

Minimum  cross  section, 
in.  ^ 

6.24 

19. 

Minimum  diameter,  iu. 

2.82 

4.92 

Maximum  extrusion  ratio 
with  HYDRAW  (100,000  psi 
draw  force) 

10. 

Extrusion  size  with  HYDRAW 

Minlnum  cross  section,  in.^ 

Minimum  diameter,  in. 

- 

9.50 

3.47 

(a)  This  billet  diameter  was  based  on  an  assumed  pressure  requirement 
of  110,000  psi  developed  by  17,000  tons  of  press  force. 


(b)  This  billet  dimension  represents  the  longest  length  that  could  be 
conventionally  extruded  on  the  dual-purpose  press. 

(c)  It  was  assumed  that  these  arc  the  maximum  billet  dimensions  for 
the  12-inch  bore  x  120  inches  long  hydrostatic  extrusion  container. 


i ;/ 


Machining  Cost:  $100.00 

Scrap  Value  (20  percent  of  the 

original  cost)  $  77.40 

Ceramic  Coating  Cost  per  extrusion  $  15.00 

Net  Die  Cost  $424.60 


The  value  of  $0. 50/lb  for  material  cost  represents  the  average 
selling  coat  of  alloy  castings.  The  machining  costa  represent  the  cost  of 
finishing  the  cast  dies  and  thus  are  such  lower  than  the  machining  coats  for 
wrought  die.  The  scrap  value  for  a  casting  is  generally  a  higher  percentage 
of  the  original  cost  than  a  similar  value  for  wrought  products.  For  this 
reason,  the  scrap  value  in  this  example  was  estimated  at  20  percent  rather 
than  15  percent  of  the  initial  cost.  Coating  and  recoatlng  the  dies  with  a 
ceramic  was  estimated  to  cost  $15.00  per  application  and  it  was  assumed  that 
this  would  have  to  be  done  prior  to  each  extrusion. 

The  conversion  costs  which  resulted  from  this  analysis  are  shown  on 
Table  XXVI.  Hydrostatic  extrusion  can  produce  titanium  extrusions  at  a  lower 
cost  than  conventional  extrusion  when  relative  die  life  it  considered.  As 
mentioned  previously,  cast  dies  are  used  only  a  few  times  before  they  are 
remelted.  A  die  life  of  five  extrusions  for  conventional  titanium  extrusion 
la  exceptional  and  It  is  unlikely  that  a  longer  die  life  would  be  achieved. 
Longer  die  life  was  listed  only  for  comparison  with  hydrostatic  extrusion  costs. 

Titanium  becomes  embrittled  when  exposed  to  hydrogen  and  oxygen  at 
elevated  temperatures.  Despite  precautions  to  prevent  contamination  during 
heating,  a  layer  of  embrittled  metal  commonly  forms  on  the  surface  of  titanium 
extrusions.  This  layer  must  be  removed  either  by  pickling  or  machining. 

Either  operation  will  add  to  the  conventional  processing  costs  shown  in 
Table  XXVI.  No  additional  surface  conditioning  is  required  on  titanium 
produced  by  hydrostatic  extrusion. 


Jgtfrrmy 


Refractory  metals  are  broken  down  at  temperatures  from  2000  F  to 
3000  F.  These  materials  are  hot  extruded  only  on  a  limited  basis,  because 
of  very  short  tool  life.  In  the  case  of  refractory  materials,  not  only  do 
dies  wear  out  rapidly,  but  the  extrusion  liners  also  have  a  very  short  life. 
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TABLE  XXVI.  HYDROSTATIC  AND  CONVENTIONAL  EXTRUSION  COSTS 
FOR  TITANIUM  AS  A  FUNCTION  OF  DIE  LIFE 


Item 


Coat  Parameters 
Cost  per  die 

All  other  conversion 
costs  per  extruslon(d) 

Weight  per  extrusion^*) 


Hydrostatic  Extrusion 


$1154. 00<«) 

$  46.29 

1456  lb 


Conventional  Extrusion 


$424.60<b*c> 

$  77.50 
3267  lb 


msjuiif 

(Total  number 
of  extrusions) 

1 

2 

3 

4 

5 

10 

25 

50 

100 

150 

200 

600 


Conversion  Cost 
per  Extrusion 


$92.45 

$69.37 

$57.83 

$53.98 

$52.06 

$48.21 


Conversion  Cost 
per  lb  of 
- Extrusion 


$0.0634 

$0.0476 


Conversion  Cost 
per  Extrusion 


$502.10 

$297.30 

$229.03 

$194.90 

$172.42 

$133.46 

$108.88 


$0.0397 

$0.0370 

$0.0357 

$0.0331 


(a)  As  previously  described  in  section  on  AISI  4340  steel. 

(b)  Cost  for  a  cast  die  derived  in  this  section. 


Conversion  Cost 
per  lb  of 
- Extrusion 


$0.1537 

10.0910 

$0.0701 

$0.0596 

$0.0528 

$0.0408 

$0.0333 


(c) 


$15.00  for  a  ceramic  coating  was  added  to  the  die  cost 
after  the  first  one. 


for  each  extrusion 


(d)  From  Table  XX. 


(e)  From  Table  XXV. 
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Since  refractory  metals  can  be  hydrostatically  extruded  at  room 
temperature,  the  life  of  hydrostatic  tooling  is  not  greatly  Influenced  by 
the  materials  being  extruded.  TZM  molybdenum  alloys  have  been  successfully 
hydrostatically  extruded  at  room  temperature.  Special  dies  are  required  to 
produce  a  crack-free  product  at  room  temperature,  but  in  all  other  aspects 
of  behavior,  this  alloy  is  hydrostatically  extruded  much  like  steel. 
Consequently,  the  economic  analysis  of  the  hydrostatic  extrusion  of 
refractory  metals  was  based  on  the  die  costs  derived  for  steel. 

The  conventional  extrusion  processing  costs  must  be  modified  to 
reflect  the  expected  reduction  in  extrusion  liner  life.  The  conventional 
extrusion  coat  of  $77.50  per  extrusion  contains  a  factor  of  $1.00  per 
extrusion  for  the  cost  of  a  liner.  This  coat  was  based  on  a  $50,000  liner 
which  had  a  life  of  50,000  extrusions.  The  temperatures  used  to  extrude 
refractory  metals  could  easily  reduce  the  life  of  a  liner  to  5000  extrusions 
and  a  life  aa  short  aa  500  extrusions  would  not  be  unexpected.  Based  on  the 
life  of  5000  extrusions  a  net  charge  of  $9.00  would  have  to  be  added  to  the 
coat  of  each  extrualon.  The  cost  of  a  conventional  extrusion  would  then  be 
$86.50  rather  than  $77.50. 

Because  of  the  short  die  life  expected  extruding  refractory 
material* ,  a  cast  die  would  likely  be  used.  The  cost  of  a  cast  die  would  be 
the  same  as  derived  for  titanium,  $424.60.  The  hydrostatic  and  conventional 
convert  ion  costa  for  TZM  molybdenum  alloy  as  a  function  of  die  life  as  shown 
In  Table  XXVII. 

The  conversion  coats  for  each  process  are  comparable  at  a  die  life 
of  4  for  conventional  processing  and  a  die  life  of  25  for  hydrostatic 
extrusion.  If  a  conventional  liner  life  of  only  500  extrusions  had  been 
assumed,  the  conversion  costs  would  be  comparable  at  die  lives  of  10  and  25 
extrusions  for  conventional  and  hydrostatic  extrusions,  respectively.  The 
conversion  costa  per  pound  can  be  adapted  to  any  refractory  metal  by  applying 
the  relative  density  factor  compared  to  the  density  of  molybdenum. 


Nickel-Base  Superallovs 


The  nickel-base  superalloys  are  extruded  at  high  speeds  using  glass 
lubricants  much  in  the  same  manner  as  steel.  Nickel  alloys  must  be  worked 
over  a  very  narnxv  temperature  range  to  prevent  cracking.  Despite  billet 
heating  techniques  designed  to  produce  temperature  gradients  which  will 
prevent  the  tail  end  of  the  billet  from  chilling  below  the  desired  extrusion 
temperature,  only  relatively  small  short  billets  can  be  hot-extruded  successfully. 
In  contrast,  hydrostatic  extrusion  can  cold  work  long  billets  of  these  materials 
significant  amounts.  Cold  working  these  alloys  entirely  eliminates  the  problems 
associated  with  billet  heating. 
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TABLE  XXV IX.  HYDROSTATIC  AND  CONVENTIONAL  EXTRUSION  COSTS 
FOR  MOLYBDENUM  AS  A  FUNCTION  OF  DIE  LIFE 


Item  Hydrostatic  Extrusion 

Conventional  Extrusion 

Cost  I’araraeters 

Cost  per  die 

$1154. 00(a) 

$424. 60* b) 

All  other  conversion 
costs  per  extrusion 

Weight  per  extruslon(e) 

$46.29<c> 

3366  lb 

$  86.50(d) 

7535  lb 

Conversion  Cost 

Conversion  Cost 

Conversion  Cost 

per  lb  of 

Conversion  Cost 

per  lb  of 

Extrusion 

Der  Extrusion 

Extrusion - 

Die  Life 

(Total 

Number 

of  Extrusions) 

1 

$511.10 

$0.0678 

2 

- 

$306.30 

$0.0406 

- 

$238.03 

$0.0316 

4 

_ 

- 

$203.90 

$0.0271 

5 

- 

- 

$183.42 

$0.0243 

10 

- 

- 

$142.46 

$0.0187 

25 

$92.45 

$0.0275 

$117.88 

$0.0156 

50 

$69.37 

$0.0206 

“ 

100 

$57.83 

$0,0172 

“ 

* 

150 

$53.98 

$0.0160 

200 

$52.06 

$0.0155 

600 

$48.21 

$0.0143 

- 

“ 

(a)  As 

previously  determined  in 

the 

section  on 

AISI  4340  steel 

(b)  As 

previously  determined  in 

the 

section  on 

titanium  alloys. 

(c)  From  Table 

XX. 

(d)  From  Table 

XX 

as  modified  in  this  section 

to  reflect  a  short  liner 

life. 

(c)  Based  on  the  bil.et  dimensions  shown  on  Table  XXV  and  the  density  of 
molybdenum,  0.361.1  lb/in. 
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A  close  estimate  of  conversion  costs  as  a  function  of  die  life  for 
nickel-base  superalloys  is  shown  in  Table  XXII.  While  the  calculations 
suanarized  in  the  table  were  formulated  for  steels,  there  are  no  significant 
differences  between  the  two  metals  with  respect  to  the  economic  analysis. 

The  calculated  conversion  costs  per  pound  of  extrusions,  however,  would  be 
about  5  percent  less  for  nickel  alloys  than  those  shown  in  Table  XXII  for 
steel.  This  factor  is  simply  determined  on  the  basis  of  the  relative  density 
between  the  two  metals  (density  of  steel/density  of  a  nickel- iron-chrome 
alloy  ■  0.943) . 

The  same  assumptions  and  restrictions  stated  for  the  two  extrusion 
processes  for  steels  are  applicable  to  nickel  alloys.  Thu3 ,  for  nickel-base 
alloys  as  in  the  case  of  steel,  it  was  concluded  that  the  hydrostatic  extrusion 
process  can  in  many  cases  produce  a  high  quality  extrusion  at  a  lower  cost  than 
the  conventional  extrusion  process. 
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Beryllium  is  normally  clad  in  steel  jackets  to  prevent  cracking  during 
extrusion  at  temperatures  from  1800  to  1950  F.  The  cladding  required  to 
conventionally  extrude  beryllium  prevents  attaining  ptecise  dimensions  on  rod 
or  tubes,  makes  exceptionally  difficult  the  production  of  shapes  having  uniform 
close-tolerance  dimensions,  and  incre'ses  the  processing  costs.  The  steel  cladding 
does  eliminate  lubrication  problems  since  only  steel,  and  not  beryllium  surfaces 
need  be  lubricated.  In  other  aspects,  the  hot  extrusion  behavior  of  clad  beryllium 
la  quite  similar  to  that  of  steel. 

Hydrostatic  extrusion  techniques  have  been  used  to  extrude  crack- free 
beryllium  rods  at  room  temperature  without  cladding.  Reductions  up  to  7:1 

are  theoretically  possible  with  hydrostatic  fluid  pressures  of  250,000  psi. 

Special  diet  are  required  to  produce  crack-free  beryllium  using  unclad  billets 
but  this  la  the  major  item  in  which  the  hydrostatic  extrusion  of  beryllium 
differs  from  that  of  steel. 

Clearly,  the  results  of  the  economic  analysis  for  steel  is  generally 
applicable  to  beryllium  for  both  processes.  The  cost  per  extrusion  remains 
the  same  for  both  materials  but  the  conversion  cost  per  pound  of  beryllium  will 
be  4.2  times  that  for  steel  shown  on  Table  XXII.  This  factor  represents  the 
relative  densities  between  beryllium  and  steel.  The  effect  of  using  cast  dies 
on  the  conventional  processing  costs  of  beryllium  can  be  shown  by  applying  a 
titan  iura/bery Ilium  density  factor  (2.40)  to  the  conversion  cost  shown  in  Table 
XXVI. 


The  results  of  these  analyses  illustrate  that  the  magnitude  of  con¬ 
version  costs  reflect  changes  caused  by  the  processing  of  various  materials, 
but  the  relative  merits  between  hydrostatic  extrusion  and  conventional  extrusion 
are  consistent  over  a  wide  range  of  extrusion  conditions. 
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■  -  * 


tooth  form  around  the  circumference  and  gears  MlceS 

proper  die  design,  spiral  gears  could  be  produced  Helixes  for  twl«t  d  ill 
made  to  conventional  production  techniqS?  *  ^  ^ 


0  05  te\2£TV£riUmt?  ruti0  Cf  «PProxt«tely  0.03  for  aiucu.mm^nd 
UaU3  tor  steel  or  tlttnlum  and  tubes  of  these  siem  ■*-*»  a  _ .  . 

tion  of  hot  extrusion  followed  by  either  hot  or  co!d"r«^?  "  *  C0"biM' 

..  a  Jh?  C°8t'  0f  mflklng  thin-wall  large-diameter  tubes  10-inch  0D  x  1/2 
wa  l  and  10-inch  OD  x  0.1-inch  wall  will  be  determined  forT.e  hy£o.£c L 

r“!  0"  Pyocess  *nd  COTnPared  to  the  cost  of  conventional  processing*  These 
tube  dimensions  were  selected  to  represent  in  the  first  case,  the  lilit  of 
'*P*b‘“tJ  .nd  ,h»  second 

W  L5.  JJ  **tru, Ion  tat  „.»ld  to.. 

and  Mrn  KTh*  *ellln8  COBts  for  aerospace  parts  made  from  7075  Al,  T1-6A1-4V 

This  ref#  *  r”  '■eported  by  Evans-  Strohecker.  Olofson,  and  Clark<«).  ’ 
This  reference  is  a  source  of  cost  information  for  both  machining  and  •nmln# 
operations  and  will  be  used  several  times  in  this  report.  The  authors  clailf 
the  cost  information  to  be  accurate  within  ±?0  percent  of  the  actual  price. 

.  t  ,,  x"  t*e  following  sections,  the  cost  of  producing  10-inch  OD  x  1/2- 
inch  wan  tubes  from  various  materials  was  calculated  and  "compared  to  -he 
elllng  price  of  slmi.ar  tubes  produced  by  conventional  processing  Next 
a  cost  for  shear  forming  tubes  10-inch  OD  x  0.1-ir.ch  wall  was  detfralMd  Jnd 

<»  p«..  ~d, slssst*  ~4 
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Hydrostatic  Extrusion  Costs  for  Producing 

10- Inch  0D  x  l/2-lnch-Wall  Tubes 


The  cost  for  producing  hydrostatic  extruded  tubes,  10- inch  0D  x  1/2- 
inch  wall  tubes  were  determined  using  the  follcwing  parameters  and  tooling 
coats : 


Extrusion  Conditions: 


Billet  dimensions: 

Extrusion  ratio: 

Extrusion  dimensions: 

(allows  5  percent  loss) 

Die  Costs: 

Die  blank  size 
Die  blank  weight 
Die  material: 

Material  cost: 

Machining  coat: 

Scrap  allowance 
(15  percent  material  cost): 
Net  die  cost: 

Expected  die  life: 

150  extrusions  (minimum) 

Die  cost  per  extrusion 

Mandrel  Co»: 

Mandrel  blank  size 
Mandrel  blank  weight: 

Mandre 1  material: 


11-inch  OD  x  1-inch  wall  x  8  feet  long 
2:11:1 

10-inch  OD  x  1/2-inch  wall  x  16  feet  long 


12- inch  diameter  x  4  Inches  long 

128  lb 

A1SI-M-50 

$384 

225 


—11 

$552 


$3,6B 


9- inch  OD  x  120  inches  long 

2160  lb 

AISI-D7 


Material  cost:  $2160 

Machining  cost:  $2245 

Scrap  allowance  (15  per¬ 
cent  material  cost)  $  324 

Net  mandrel  cost:  $4081 

Expected  mandrel  life:  100  extrusions 
Mandrel  cost  per  extrusion:  $4.08 

Total  Conversion  Costs: 

Die  cost  per  extrusion  $  3.68 

Mandrel  cost  per  extrusion:  $  4.08 

All  other  costs  per  extrusion:  $46.29 

TOTAL  COST  PER  EXTRUSION:  $54.05 
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In  order  to  determine  the  manufacturing  costs  for  these  tubes,  the 
starting  material  costs  must  be  considered.  The  material  costs  for  tubes 
measuring  11- inch  OD  x  1-inch  wall  are: 

7075  Al:  $87. 83/ft 

4340  steel:  $23. 80/ft 

Ti-6A1-4V:  $296/ft 

The  manufacturing  cost  to  produce  tubes  were  determined  as  follows: 

Starting  Materials  Cost  +  Conversion  Costs  =  g/ 

Length  of  Material  Produced  * 

For  example,  for  4340  steel: 

(W.W/ftUMt)  +  »4,0?  .  ,15  2,/tt  _ 

These  manufacturing  costs  of  hydrostatically  extruding  the  tubes  are  shown  on 
Table  XXVIII  with  selling  price  of  the  same  tubes  produced  commercially. 

The  manufacturing  cost  for  hydrostatic  extrusion  of  these  tubes  allow 
price  markups  from  59  to  112  percent,  based  on  the  selling  price  of  commercial 
tubes.  These  percentages  for  markups  are  generally  considered  ample  in  many 
industrial  operations  and  especially  in  the  metals  processing  industry.  These 
data  indicate  that  hydrostatic  extrusion  techniques  may  be  able  to  produce 
close- tolerance,  large-diameter  tubes  at  costs  perhaps  significantly  below 
those  by  conventional  processing  methods. 

Hydrostatic  extrusion  techniques  can  produce  large  diameter  seamless 
tubing  which  have  very  thin  walls  which  cannot  be  produced  by  conventional 
tube  making  techniques.  Ratios  of  wall  thickness  to  diameter  of  0.01  are 
considered  practical  using  hydrostatic  extrusion  techniques.  An  example  of 
this  product  would  be  a  tube  10  inches  OD  x  0.100  inch  wall  x  60  inches  long. 

The  only  other  common  technique  that  could  make  this  size  tube  would  be  shear- 
fom 'ng.  The  conversion  cost  of  shear  forming  a  tube  of  these  dimensions  will 
be  determined  and  then  compared  to  making  the  same  tube  by  hydrostatic  extrusion. 
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TABLE  XXVIII.  SELLING  PRICE  OF  COMMERCIALLY  PRODUCED  10-INCH 
OD  BY  1/ 2-INCH-WALL  TUBES  AND  THE  MANUFACTURING 
COST  OF  A  SIMILAR  TUBE  PRODUCED  BY  HYDROSTATIC 
EXTRUSION  TECHNIQUES 


Material 

Selling  Price 
of  Commerlcally 
Produced  Tubes 

Manufacturing  Costs 
of  Hydrostatically 
Extruded  Tubes 

Potential  Markups 
Using  Hydrostatic 
Extrusion  Techniques 

7075  A1 

S  75. 00/ ft 

$  47.29/ft 

677. 

4340  ateel(“) 

$  26.47/ft 

$  15.28/ft 

59% 

T1-6A1-4V  titanium  alloy 

$321. 00/ft 

$151. 38/ft 

112% 

(a)  Price  for  this  steel  was  assumed  to  be  equivalent  to  that  for  4130  steel  which 
was  evaluated  by  Evans. (62) 
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Shear-Forming  Costs  for  Producing 
IQ-  Inch  QP  x  0,},- Inch  Wall  Tub.€J> 


Shear-forming  coats  were  estimated  from  coat  equations  derived  by 
Evans,  et  al.(62)  Equations  were  derived  for  shear-forming  which  separate 
the  material  coats,  tooling  costa,  material  preparation  costs  and  forming 
costs.  The  material  costs  per  pound  would  be  the  same  for  both  shear-forming 
and  hydrostatic  extrusion.  The  tooling  costa  for  shear- forming  are  insignificant 
for  quantities  in  excess  of  1000  pieces.  Thus,  only  the  equations  dealing  with 
material  preparation  and  forming  costs  were  evaluated.  Each  of  these  equations 
will  he  described  and  evaluated  for  production  of  a  tube  10-inch  OD  x  0.1-lnch 
wall  x  60  inches  long. 


Material  Preparation  Costs.  Material  preparation  consists  of  machining 
the  blank  to  obtain  a  good  surface  finish.  These  costs  were  evaluated  free,  the 
following  formula: 


where , 


Cp  -  (0.00353  D  C  T)  L2 

Cp  ■  processing  costs  in  collars 
D  ■  tube  OD,  in. 

H  ■  tube  length,  in. 

Y  “  machinabillty  factor 

■  0.333  for  7075  aluminum  alloy 

■  4.54  for  Ti- 6A1-4V  titanium  alloy 
-  2.22  for  AISI  4340  steel 

L2  “  labor  rate,  $15. 00/hr. 


Forming  Coat.  The  actual  cost  to  shear  form  a  tube  was  determined 
from  the  following  formula: 

Cf  -  0.093  D  H  X  L2  q  +  0.00314  D  t  e  H  Lj 

where , 

Cf  m  forming  costs  in  dollars 
X  ■  forming  factors 

■  1  for  mild  steel 

■  1.25  for  aluminum  and  low  alloy  steel 

■  4.0  for  titanium 

q  ■  learning  curve  factor  0.3499 
t  ■  wall  thickness,  inch 
e  “  material  density 
Li  “  labor  rate,  $12. 00/hr 


All  other  terms  are  as  previously  defined. 


The  preceding  equations  were  evaluated  ft  producing  tubes  10- inch 
OD  x  0.1-inch  wall  x  60  Inches  long  from  T1-6A1-4V  itanium  alloy,  AIS1  4 340 
ateel,  and  7075  aluminum  alloy.  The  results  of  th  individual  equations  and 
the  sum  of  the  equations  which  equals  the  total  conversion  cost  are  shown  in 
Table  XXIX. 


Hydrostatic  Extrusion  Costs  for  Producing 
10-lnch  OD  bv  0. 1-Inch  Wall  Tubes 


The  hydrostatic  extrusion  processing  costs  of  producing  10-lnch  OD 
x  0.1-inch  wall  tubes  were  estimated  from  the  following  parameters  and 
tooling  costs  : 


Extrusion  Conditions 


Billet  dimensions: 
Extrusion  ratio: 
Extrusion  dimensions: 
(allows  5  percent  loss) 


JO. 75-inch  0D  x  9.80-lnch  ID  x  8  feet  long 

5:  1 

10- inch  OD  x  0.1- inch  wall  x  38  feet  long 


pie  Costs 


Die  blank  size: 
Die  blank  weight: 
Die  material: 


12- Inch  diameter  x  4  Inches  long 

128  lb 

AIS1-M-50 


Material  cost: 

Machining  co6t: 

Scrap  allowance  (15  percent  material 
cost) 

Net  die  cost 


$384 

225 

_ 57 

$552 


Expected  die  life:  150  extrusions 
(minimum) 


Die  cost  per  extrusion 


$3.68 


Mandrel  Cost 


Mandrel  blank  size: 
Mandrel  blank  weight: 
Mandrel  material: 

Material  cost: 
Machining  cost: 
Scrap  allowance 

Net  mandrel  cost 
Expected  mandrel 
Mandrel  cost  per 


9.8- Inch 
2560  lb 
AISI-D7 


(15  percent 
material  cost) 

life:  1000  extrus 

extrus Ion 


x  120  Inches  long 

$2560 
$2664 

U.M 

$4838 
$4.84 
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TABLE  XXIX.  COSTS  FOR  CONVERTING  VARIOUS  MATERIALS  TO  10- INCH 

®  *  0.1-INCH  WALL  X  60- INCH  LONG  TUBES  BY  SHEAR¬ 
FORMING  AND  BY  HYDROSTATIC  EXTRUSI0n(*) 


Operation 

Material 

T1-6A1-4V 

4340  Steel 

7075  A1 

Shesr-Fonninii  Cost 

Materials  preparation^) 

$  144.00 

$  70.50 

$  10.50 

Forming,  (b) 

H  .2.00 

367.00 

366.00 

Total  conversion  cost/pc 

$1316.00 

$437.50 

$376.50 

IMroatatlc  Extrusion  Cn«t 

Material  preparation(b) 

$1154.00 

$564.00 

$  85.00 

Extrusion 

54.81 

54.81 

54.81 

Total  conversion  cost^c) 

$1208.81 

$618.81 

$139.81 

Total  conversion  cost/pc 

$  172.68 

$  88.40 

$  19.97 

Conversion  Cost  Reduction/pc 

by  Hydrostatic  Extrusion 

877. 

807. 

95% 

(a)  The  cross-section  of  the  s 
10.75  0D  x  9.8  ID. 

tartlng  material  for 

both  processes 

measured 

(b)  These  costs  were  calculated  from  equations 

(c)  In  hydrostatic  extrusion  7  lengths  of  tube 
in  one  operation. 


developed  by  Evans. (62  ) 

each  60  Inches  long  are  produced 
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Total  Conversion  Cost 


Die  cost  per  extrusion:  $  3.68 
Mandrel  cost  per  extrusion:  4.84 
All  other  costs  per  extrusion:  46 .29 


TOTAL  COST  PER  EXTRUSION:  >  $54.81 


Hydrostatic  extrusion  conversion  costs  per  60- inch  long  tube  would  be: 

$54.81  ~  7  pc  *  $7. 63/tube. 

One  hydrostatic  extrusion  would  make  38  feet  or  seven  tubes  each  5  feet  long. 

To  obtain  the  desired  extruded  tolerances  it  may  be  necessary  to  machine 
the  starting  hydrostatic  extrusion  tube  billet  all  over,  much  like  the  shear¬ 
forming  billet.  The  starting  length  of  a  hydrostatic  extrusion  billet  was 
assumed  to  be  8  times  that  of  a  shear- forming  blank  and  therefore  the  machining 
cost  was  estimated  at  eight  times  that  for  s hear- form! ng .  Adding  this  material 
preparation  factor  to  the  hydrostatic  extrusion  conversion  costs,  the  total 
conversion  costs  for  various  materials  were  calculated  and  are  shown  In  Table 
XXIX. 


Hydrostatic  extrusion  techniques  are  shown  to  be  potentially  capable 
of  producing  large-diameter,  thln-wall  tubing  at  80  to  95  percent  less  than 
cost  of  similar  parts  produced  by  shear- forming , 


Production  of  Urge  Thin  Sections 

Si  g  CPWte*  ShSP£ 


There  are  requirements  in  the  aerospace  Industry  for  thin-section 
extrusions  of  large  circumscribed  sizes.  These  sections  are  currently 
produced  by  hot  extruding  relatively  thick  sections  and  then  machining  all 
surfaces  of  the  parts.  The  technical  feasibility  of  drawing  some  shapes  to 
size  using  draw  benches  has  been  demonstrated  elsewhere  on  various  developmental 
programs,  but  this  operation  apparently  Is  not  economically  justifiable  at 
the  present  time.  The  hydrostatic  extrusion  process  could  use  hot-extruded 
sections  as  preformed  billets  and  hydrostatically  extrude  the  preform  to 
produce  a  finished  thin-section  part.  This  technique  will  be  evaluated  and 
compared  to  a  machining  operation. 
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There  are  infinite  combinations  of  shapes  and  sizes  that  could  be 
compared;  therefore,  an  arbitrary  cize,  shape,  and  material  was  selected  as 
a  typical  aerospace  part.  The  part  selected  was  a  channel  section  of  Ti-6Al-4V 
titanium  alloy,  circumscribed  by  a  9-inch  circle  and  assumed  to  measure  8 
inches  across  the  flat,  have  legs  each  4  inches  long,  a  total  length  of  30 
feet,  and  have  a  uniform  section  thickness  of  either  1/4-inch  or  1/8-inch. 
Conventional  extrusion  techniques  can  produce  such  a  shape  which  could  have 
a  section  thickness  from  a  minimum  size  of  3/8  inch  up  to  1-1/2-inches. 

The  minimum  section  thickness  of  3/8- inch  is  a  function  of  the  billet  size 
needed  to  extrude  a  shape  circumscribed  by  a  9-inch  circle  and  is  not  an 
absolute  minimum  for  titanium  alloys. 

The  processes  that  will  be  compared  are: 

(a)  Conventionally  hot  extrude  to  a  thick  cross 
section;  straighten;  machine  lightly  all 
over,  and  hydrostatically  extrude  4:1  to 
size  (either  1/4  or  1/8- inch  thick). 

(b)  Conventionally  hot  extrude  to  the  minimum 
section  thickness  (3/8  inch);  straighten; 
and  machine  to  finish  cross  section  (1/4- 
or  1/8-inch  thick). 


Costs  for  Hydrostatic  Extrusion 
of  Ti-6A1-4V  Channels 


An  extrusion  ratio  of  4:1  was  used  for  hydrostatic  extrusion  of 
Ti-6A1-4V  titanium  alloy  in  this  analysis  although  a  5:1  extrusion  ratio  i6 
theoretically  possible.  The  reduced  extrusion  ratio  will  allow  for  a  shape 
factor  which  tends  to  increase  the  extrusion  forces  for  given  extrusion  ratio. 
The  manufacturing  costs  of  this  channel  would  be: 


r  ■« 

Starting! 

Material 

Costs 


+ 


r  1 

Hydrostatic 

Straightening!  4 

Machining  + 

.  Costs  J 

Extrus ion 

[  Costs  J 

.  Costs 

Extruded  Length 


Cost/ft 


These  costs  were  estimated  as  follows: 
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(*)  Storting  material  cost 


Base  cost:  $6. 60/lb  In  an  extruded  shape 


Finish  Section 


1/4  In.  1/8  In. 

Starting  material  section  thickness,  in.  1-1/8  5/8 

Starting  material  cost,  $/ft  34.56  19.20 

Starting  billet  weight  per  8  feet,  lb  276.40  153.00 

Starting  billet  cost  $1824.77  $1013.76 

(b)  Straightening  costs 


It  was  assumed  that:  (1)  straightening  is  done  immediately  af  .er 
extrusion  on  a  35-ft  stretch-straightener ,  (2)  it  requires  5 
minutes  of  machine  time,  and  (3)  the  labor  required  would  be  two 
helpers  each  at  $12/hr  and  one  operator  at  $15/hr.  Straighten¬ 
ing  cost  per  starting  billet  would  then  cost: 


(2)  ($12.00)  +  (1)  ($15.00)  5  mln/hr 

4  billets  per  operation  60  min 


$0.81 


(c)  Machining  Costs 

Machining  costs  were  estimated  from  the  following  formula  developed 
by  Evansl®3)  f3r  milling  costs: 

C-  0.0166Z*,  Y(w,  1 ,  t)  +  0.5755  nL2Q“0,152 

where : 

0.0166  «  a  conversion  factor  between  minutes  and  hours 

w,l,t  *  width,  length,  and  thickness  of  cut  (equivalent  to  volume  removed) 
Zm  “  reciprocal  metal  removal  rate  for  B  1112  steel,  0.831  min/in.3 
Y  “  machinability  factor  for  Ti-6A1-4V  4.54 
0.5755  “  allowance  for  nonproductive  time  and  inspection 
L2  *  labor  rate  assumed  to  be  $15/hour 
Q  *  quantity 

n  ■  number  of  operations. 
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Application  of  the  preceding  formula  to  remove  1/16  inch  all  over  the 
hydrostatic  extrusion  blank  results  in  a  machining  cost  of  $88.63. 

(d)  Hydrostatic  Extrusion  Conversions  Cost 

The  hydrostatic  extrusion  conversion  costs  were  calculated  as 

follows : 


Die  Cost 

Die  blank  size:  12-inch  diameter  x  1-1/2  inches  long 


Die  blank  weight:  48  pounds 

Die  material:  AISI-M50 

Material  costs:  $143.90 

Machining  costs:  375.00 

Scrap  allowance  (15  percent  material  cost):  2 1 ,38 

Net  die  cost:  $497.31 

Expected  die  life:  150  extrusions  (minimum) 

Die  cost  per  extrusion:  $3.31 

Total  hydrostatic  extrusion  conversion  costs: 

Die  cost  per  extrusion:  $  3.31 

All  other  costs  per  extrusion:  $46.29 

(as  shown  in  Table  XX) 

Net  cost:  $49.60 


Costs  for  Conventional  Processing 
of  Ti- 6A1-4V  Channels 


The  conventional  hot  extrusion  process  can  produce  a  section  thickness 
as  thin  as  3/8-inch.  This  section  would  have  to  be  straightened,  and  machined 
all  over  to  the  final  size.  The  manufacturing  costs  would  be: 


-  1 

Starting 

r  i 

- 

Material 

+  |  Straightening 

+ 

Machining 

-  Costs  . 

L  Costs  J 

.  Costs  J 

(Extruded  Length) 


Cost/ft 


These  costs  were  estimated  as  follcws: 
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Starting  material  cost : 


Bast  cost:  $6. 60/lb  in  an  extruded  shape: 

Starting  material  section  thickness,  in. 
Starting  extruded  weight ,  lb/ft 
Starting  extruded  weight  per  30  feet,  lb 
Starting  extrusion  cost: 

Straightening  costs: 


3/8 

11.5 

345.6 

$2277.00 


It  was  assumed  that:  (1)  the  straightening  is  done  on  a  35-foot 
stretch-straightener ,  (?)  it  requires  5  minutes,  and  (3)  the  labor 
required  would  be  two  helpers  each  at  $12/hr  and  one  operator  at 
515/hr.  Straightening  cost  per  30  foot  section  would  then  cost- 


HI.  ,(?  12 tOO)  +  (1)  ($15,00)  5  min /hr 

1  extrus ion  ‘  60  min 


$3.25 


costs  : 


Coat a  were  determined  to  machine  section  thickness  of  1/4  and  1/8- 
inch  f-om  a  3/8-inch  extrusion  using  the  same  equation  applied  to 
the  hydrostatic  extrusion  billet.  These  costs  were  found  to  be: 


Finish  Section  Size 
_i/4 _ 1Z8_ 

Machining  costs:  $332.39  $670.15 

Summarizing  and  adding  the  processing  costs  in  Table  XXX  illustrate 
t  t  hydrostatic  extrusion  techniques  can  produce  this  channel  from 
U  Co  75  percent  cheaper  than  the  conventional  processing.  This 
analysis  should  be  a  typical  comparison  between  the  two  processes, 
since  neither  process  was  unduly  restricted. 


gunmarv  of  the  Economic  Anal vs  is 
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TABLE  XXX. 


PROCESSING  COSTS  OF  T1-6A1-4V  TITANIUM  ALLOY  CHANNELS 
PRODUCED  BY  HYDROSTATIC  EXTRUSION  TECHNIQUES  AND 
CHANNELS  MACHINED  FROM  HOT  EXTRUSIONS 


Operation 

hydrostatic  Extrusion  Costs 

Starting  material  (8  ft  billets) 

Straightening 

Machining 

Hydrostatic  extrusion  conversion 
Total  conversion  cost 
Cost  per  foot 
Cost  per  pound 


Conventional  Processing  Cost 

Starting  material  (30  ft  extrusions) 

Straightening 

Machining 

Total  conversion  cost 


Cost  per  foot 
Cost  per  pound 


Cost  Savings  per  pound  by 
Hydrostatic  Extrusion 


Finish  Section  Size 
1/4-inch  1/8  inch 


$1824.77  $1013.76 

0.81  0.81 

88.63  88.63 

_ 49,60  49.60 

$1963.81  $1152.80 

$  65.46  $  38.43 

$  8.52  $  10.00 


$2277.00  $2277.00 

3.25  3.25 

332.39  670.15 

$2612.64  82943.40 

$  87.09  $  98.11 

$  11.34  $  25.55 


257,  607. 


(a)  Thin-wall,  large-diameter  tubes  (10-inch  OD  x  0.1  inch 
wall)  could  be  made  from  aluminum,  steel,  and  titanium 

at  a  respective  potential  savings  of  95,  80,  and  87  percent, 
compared  to  tubes  produced  by  shear  forming. 

(b)  Large-diameter  tubes  (10-tnch  OD  x  0.5-lnchwall)  could 
be  produced  from  aluminum,  steel,  and  titanium  at  a  cost 
that  would  allow  potential  markups  of  67,  59,  and  112 
percent,  respectively.  These  markups  were  based  on  the 
market  selling  price  of  tubes  made  by  conventional  hot 
extrusion  folltxved  by  conventional  tube  drawing.  These 
markups  are  believed  to  be  appreciable  for  the  metal¬ 
working  industry  and  Indicate  that  perhaps  a  potentially 
significant  coat  saving  may  be  possible  by  hydrostatic 
extrusion. 

(c)  Titanium  hot  extruded  channel  shapes  may  be  re-extruded  into 
finished  channel  shape s  by  hydros  tat ic  extrusion  techniques 
25  to  60  percent  cheaper  than  hot-extrusion  and  machining 
techniques  currently  employed. 

(d)  Simple  shapes  of  steel,  titanium,  molybdenum,  nickel^based 
alloys,  and  beryllium  may  be  produced  at  a  lower  cost  by 
hydrostatic  extrusion  when  the  long  die  life  achievable 

in  hydrostatic  extrusion  is  related  to  that  obtained  in 
the  conventional  extrusion  operation.  Die  life  in  hydro¬ 
static  extrusion  is  predicted  to  be  10  to  30  times  greater 
than  that  in  the  conventional  process. 

(e)  Aluminum  alloys  can  be  hydrostatically  extruded  at  a  lower 
cost  than  conventional  processing,  independent  of  relative 
die  life,  because  of  the  high  extrusion  exit  speeds 
obtainable  i.  the  hydrostatic  extrusion  processing  of  these 
materials . 
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APPENDIX  I 


BLANK  PAGE 


ESTIMATED  TIMETABLE  AND  MILESTONE  CHART  FOR  CONSTRUCTION 
OF  A  DUAL  PURPOSE  (HYDROSTATIC /CONVENTIONAL)  EXTRUSION  PRESS 


14  5 bap  lilting  Hub' 


ESTIMATED  TIMETABLE  AND  MILESTONE  CHART  FCR  CONSTRUCTION 
OF  A  DUAL  PURPOSE  ( HYDROSTATIC /CONVENTIONAL)  EXTRUSION  PRESS 


Milestone  Points 


Months 

6 

9 

12 

15 

18 

21 

24 

27 


engineering  Manufacturing  Wo  rk  at  Site 

Layout  completed 

Structural  portion 

Plate  rolled 

Material  handling  Forgings  forged 

completed 
Foundation  design 
completed 


High  pressure  con¬ 
tainer  finished 

All  Sittings 
completed 


Foundation 

completed 


Press  erection 
completed.  All 
work  completed 
Press  start-up 

Test  runs  completed 


200 


REFERENCES 


(1)  Bridgman,  P.  W.,  Studies  in  Large  Plastic  Flow  and  Fracr.ure.  McGraw  Hill, 

London  and  New  York  (1952) 

(2)  Beresnev,  B.  I,,  Vereshchagin,  L.  R. ,  and  Ryablnln,  Yu.  N.,  "Characteristics  of 
Rheological  Behavior  of  Metals  Extruded  Under  Hydrostatic  Pressure",  Izv.  Akad. 
Nauk.  SSSR;  Otdel,  Tech.  Nauk.,  43  (1957). 

(3)  Beresnev,  B.  I.,  Vereschagin,  L.  F.,  and  Ryablnln,  Yu.  N.,  "Extrusion  of 
Metals  by  Means  of  a  Liquid  Under  High  Pressure",  Izv.  Akad.  Nauk,  SSSR; 

Mekh  i.  Naahln,  7,  128  (1959). 

(4)  Beresnev,  B.  I.,  Bulychev,  D.  K. ,  and  Rodionov,  K.  P.,  "Features  of  the  Process 
of  Extruding  Metals  With  High  Pressure  Liquid  at  Elevated  Temperatures",  Flz. 
Metal  Metalloved,  H  (1),  115  (1961). 

(5)  Pugh,  H.  LI.  D.,  and  Ashcroft,  K. ,  "Hydrostatic  (Ramless)  Extrusion  of  Metals 
by  Liquid  Pressure",  Symposium  on  the  Physics  and  Chemistry  of  High  Pressure, 
London  Society  of  Chemical  Industries,  163-176  (1962). 

(6)  Pugh,  H.  LI.  D.,  "The  Cold  Extrusion  of  Metals  by -a  High-Pressure  Liquid", 

Int.  Conf.  on  Prod.  Eng.  Res.  Pittsburgh,  Published  by  ASIC,  394-405 
(September ,  1963). 

(7)  Pugh,  H.  LI.  D. ,  and  Low,  A.  H.,  "The  Hydrostatic  Extrusion  of  Difficult  Metals", 
J.  Institute  Metals,  21.  201  (1964-1965). 

(8)  Fiorentlno,  R.  J.,  Sabroff,  A.  M. ,  and  Boulger,  F.  W.,  "Hydrostatic  Extrusion 
of  Metals  at  Battelle",  Machinery  Lloyd  (European  Edit),  12,  18  (1963). 

(9)  Fiorentlno,  R.  J.,  Sabroff,  A.  M.,  and  Boulger,  F.  W.,  "Investigation  of  Hydro¬ 
static  Extrusion",  Final  Report,  Battelle  Memorial  Institute,  Columbus,  Ohio, 
on  Air  Force  Contract  AF  33(600)-43328  (January,  1965). 

(10)  Bobrcwsky,  A.,  and  Stack,  E.  A.,  "Deformation  of  Metals  Under  High  Pressure", 
Symposium  on  Metallurgy  at  High  Pressures  and  High  Temperatures .  Gordon  and 
Breach  Science  Publishers  (1964). 

(11)  Fiorentlno,  R.  J. ,  Richardson,  B.  D.,  Meyer,  G.  E.r  Sabroff,  A.  M. ,  and 
Boulger,  F.  W.,  "Development  of  the  Manufacturing  Capabilities  of  the 
Hydrostatic  Extrusion  Process",  Technical  Report  AFML-TR-67-327,  Volume  X, 
Battelle  Memorial  Institute,  October,  1967. 

(12)  Alexander,  J.  M. ,  and  Lengyel,  B.,  "Semi-Continuous  Hydrostatic  Extrusion  of 
Wire",  Paper  7  Appl.  Mechanics  Coni.  ,  Proc.  Inst.  Mech.  Engrs.,  180.  317 
(1965-1966). 


201 


(13)  Slater,  H.  K.',  and  Green,  D.,  "Augmented  Hydrostatic  Extrusion  of  Continuous 
Bar",  I.  per  14,  High  Pressure  Engineering  Conference,  London,  September, 

1967.  Published  by  Inst,  of  Mech.  Eng.,  London. 

(14)  Fiorentino,  R.  J.,  Gerdeen,  J.  C. ,  Richardson,  B.  D. ,  Sabroff,  A.  M. ,  and 
Boulger,  F.  W.,  "Development  of  the  Manufacturing  Capabilities  of  the  Hydrostatic 
Extrusion  Process",  Technical  Report  AFML-TR-67-327,  Volume  II,  Battelle 
Memorial  Institute,  October,  1967. 

(15)  Manning,  W.R.D.,  "High  Pressure  Engineering",  University  of  Nottingham, 

Bulleid  Memorial  Lectures,  Vol  II  (1963). 

(16)  Manning,  W.R.D.,  "The  Design  of  Compound  Cylinders  for  High  Pressure  Service", 
Engineering,  pp  349-352  (May  2,  1947). 

(17)  Manning,  W.R.D.,  "Residual  Contact  Stresses  in  Built-Up  Cylinders",  Engineering, 

464  (December  8,  1950). 

(18)  Poulter,  T.  C.,  "High  Pressure  Apparatus",  U.S.  Patent  No.  2,544,499  (May  9,  1951), 
Code  No.  P67.35.,  Annotated  Bibliography  on  High  Pressure  Technology,  ASME, 
Butterworths  (May,  1964). 

(19)  Meissner,  M. ,  "Hydrostatic  Pressure  Device",  Barogenics ,  Inc.,  U.S.  Patent 
No.  3,224,042  (December  21,  1965). 

(20)  Ballhausen,  C.,  German  Patent  No.  1,143,341  (January  17,  1963). 

(21)  Gerard,  G.,  and  Brayman,  J.,  "Hydrostatic  Press  for  an  Elongated  Object", 
Barogenics,  Inc.,  U.S.  Patent  3,091,804  (Juna  4,  19(3). 

(22)  Fuchs,  F.  J.,  Jr,,  "Production  Metal  Forming  With  Hydrostatic  Pressures", 

Western  Electric  Company,  ASME  Publication  No.  65-PROD- 17  (June  1,  1965). 

(23)  Zeitlin,  A.,  Brayman,  J.,  and  Boggio,  F.  G.,  "Isostatic  and  Hydrostatic 
Equipment  for  Industrial  Applications  of  Very  High  Pressure"  ASME  Paper  No. 
64-WA/PT  -14. 

(24)  Berman,  I.,  "Dosign  and  Analysis  of  Commercial  Pressure  Vessels  to  500,000 
psi",  AGME  Paper  No.  65-WA/PT-l,  to  be  published  in  Trans.  ASME,  J.  Basic 
Engineering. 

(25)  Alexander,  J.  M.,  and  Lengyel,  B.,  "High  Pressure  Containers",  Prov.  Spec. 

No.  15294/66.  Briefly  described  in  The  Chartered  Mechanical  Engineer 
(September,  1966). 

(26)  Crawley,  J.,  Saunders,  A.,  and  Pennell,  J.,  Vickers'  Ltd.,  Newcastle, 

England.  Private  discussions. 

(27)  Johnson,  Larssen,  Zander,  Sandin,  ASEA,  Sweden.  Private  discussions. 

(28)  Newhall,  D.  H.,  and  Abbot,  L.  H.,  "A  Contemporary  Version  of  the  Bridgman- 
Birch  30- kb  Apparatus  and  Certain  Ancillary  Devices",  Paper  32,  High 
Pressure  Engineering  Conference,  London,  September,  1967.  Published  by 

Inst,  of  Mech.  Eng.  London. 


202 


(29)  Crawley,  J.,  Pennell,  J.  A.,  and  Saunders,  A.,  "Some  Problems  in  Design 
and  Development  of  Hydrostatic  Extrusion  Systems",  Paper  23,  High  Pressure 
Engineering  Conference,  London,  September,  1967.  Published  by  Inst,  of 
Mech.  Eng.  London. 

(30)  Garwood,  M.  F.,  Zurburg,  H.  H. ,  and  Erickson,  M.  A.,  "Correlation  of 
Laboratory  Tests  and  Service  Performance",  Interpretation  of  Tests  and 
Correlation  With  Service,  American  Society  for  Metals,  Cleveland,  Ohio, 
pp  1-7/  (1951). 

(31)  Grover,  H.  J.,  Gordon,  S.  A.,  and  Jackson,  L.  R.,  Fatigue  of  Metals  and 
Structures .  U.S.  Government  Printing  Office,  Washington,  D.C.  (1954). 

(32)  Aerospace  Structural  Metals  Handbook.  Volume  I,  Ferrous  Alloys,  Aeronautical 
Systems  Division  (1967). 

(33)  Cummings,  H.  N.,  Stulen,  F.  B.,  and  Schulte,  W.  C.,  "Investigation  of 
Materials  Fatigue  Probleme  Applicable  to  Propeller  Design",  WADC  TR  54-531 
(May,  1955). 

(34)  Sachs,  George,  and  Scheven,  G.,  "Relation  Between  Direct  Stress  and  Bending 
Fatigue  of  High-Strength  Steels",  ASTM  Proceedings,  Vol.  57  (1957),  pp  667-681. 

(35)  Vascoaax250  and  300,  18%  Nickel  Ultrahigh  Strength  Maraglng  Steels,  Vanadium- 
Alloys  Steel  Company,  Latrobe,  Pennsylvania  (1962). 

(36)  Burns,  D.  J.,  and  Parry,  J.S.C.,  "Effect  of  Mean  Shear  Streas  on  the  Fatigue 
Behavior  of  Thick-Walled  Cylinders",  Paper  No.  28,  I.  Mech.  Eng.,  Hi^h 
Pressure  Engineering  Conference,  London,  September  11-15,  1967. 

(37)  Morrison,  J.L.M.,  Crossland,  B.,  and  Parry,  J.S.C.,  "Fatigue  Under  Triaxial 
Stress:  Development  of  a  Testing  Machine  and  Preliminary  Results",  Proc. 

In6tn.  Mech.  Engrs.,  1956,  170,  697. 

(38)  Parry,  J.S.C.,  "Further  Results  of  Fatigue  Under  Triaxial  Streas",  Proc. 

Int.  Conf.  Fatigue  of  Metals,  1956,  130,  (Instn.  Mech.  Engrs.,  London). 

(39)  Parry,  J.S.C.,  "Fatigue  of  Think  Cylinders:  Further  Practical  Information", 
Ibid,  1965-66,  180  (Pt.  1),  387. 

(40)  O'Connor,  H.  C.,  and  Morrison,  J.L.M.,  "The  Effect  o i  Mean  Stress  on  the 
Push-Pull  Fatigue  Properties  of  An  Alloy  Steel",  Proc.  Int.  Conf.,  Fatigue 
of  Metals,  1956,  102  (Instn.  Mech.  Engrs.,  London). 

(41)  White,  D.  J.,  Crossland,  B.,  and  Morrison,  J.L.M.,  "Effect  of  Hydrostatic 
Pressure  on  the  Direct-Stress  Fatigue  Strength  of  An  Alloy  Steel",  J.  Mech. 
Engng.  Sci.,  1959,  1  (No.  1),  39. 

(42)  Morrison,  J.L.M.,  Crossland,  B.,  and  Parry,  J.S.C.,  "Strength  of  Thick 
Cylinder*  Subjected  to  Repeated  Internal  Preaaure",  Proc.  Insta.  Mech. 

Engrs.,  1960,  174  ,  95. 


203 


(43)  Davidson ,  T.  E,,  Eiscnstadt,  R.,  and  Reinir,  A.  N,,  "Fatigue  Characteristics 
oi  Open-End  Thick-Walled  Cylinderr  Under  Cyclic  Internal  Pressure", 

Watervliet  Arsenal  Technical  Report  WVT-TI-6216  (August,  1962). 

(44)  Private  discussions  with  Mr.  Acker,  Chief  Metallurgist,  Mldvale-Heppenstall 
Company. 

(45)  Lunn,  J.  A.,  Sampson,  H.  B.,  Federico,  A.  M.,  and  Macaulay,  J.  R.,  "Nickel 
Maraging  Steels,  Preliminary  Investigation  of  250  and  300  Bar",  North 
American  Aviation  Report  No.  NA  63H-202,  (March  15,  1963). 

(46)  Davidson,  T.  E.,  Barton,  C.  S.,  Reiner,  A.  N.,  and  Kendall,  D.  P.,  "The 
Autofrettage  Principle  As  Applied  to  High  Strength  (180,000  psi)  Light  Weight 
Gun  Tubes",  IPM  Project,  Watervliet  Arsenal,  New  York,  October,  1959. 

(47)  North  American  Aviation  Materials  Properties  Handbook,  Volume  II,  Section  6, 
pages  6-5-3,  6-7-3,  6-11-3  and  6-4-7-3. 

(48)  Timoshenko,  S.,  and  Goodler,  J.  N.,  Theory  of  Elastic itv.  2nd  Edition, 

McGraw  Hill,  p  413  (1951). 

(49)  Davidson,  T.  L'.,  Barton,  C.  S.,  Reiner,  A.  N.,  arei  Kendall,  D.  P., 

"The  Autofrettage  Principle  as  Applied  to  High  Strength  Light-Weight 
Gun  Tubes",  IBi  Project  Report,  Watervliet  Arsenal  (October,  1959). 

(50)  Cryogenic  Materials  Data  Handbook,  p.  E.  3.  h. 

(51)  Thomas,  8.L.S.,  Turner,  H.  S.,  and  Wall,  W.  F.,  "Piston-Cylinder  High 
Pressure  Apparatus  for  Use  up  to  25  kb".  Paper  No.  11,  I.  Mech.  E.  High 
Pressure  Engineering  Conference,  London,  September  11-15,  1967. 

(52)  Wilson,  W.R.D.,  and  Skelton,  W.  F.,  "Design  of  High  Pressure  Cylinders’  , 

Paper  No.  5,  I.  Mech.  E.  High  Pressure  Engineering  Conference,  London, 
September  11-15,  1967. 

(53)  Timoshenko,  S.  P.,  and  Gere,  J.  M.,  Theory  of  Elastic  Stability.  McGraw- 

Hill,  New  York  (1961).  '  '  "  ‘ 

(54)  Private  Communication  with  P.  R.  Borneman,  Allegheny  Ludlum  Steel 
Corporation,  Research  Center,  Brakenridge,  Pennsylvania. 

(55)  Private  Conmunicatlon  with  Mr.  All  Aleu,  Kennametal,  Inc.,  Latrobe, 
Pennsylvania, 

(56)  "Shaba ik.  A.,  Lee,  C,  H. ,  and  Kobsysshi,  "Application  of  the  Vlsioplsstlcity 

Method  to  Extrusion  Through  a  Conical  Die",  7th  Intcrnatioi  ’1  M.T.D.R. 
Conference,  September  12-16,  1966. 

(57)  Shabaik,  A.,  and  Kobayashi,  S.,  "Investigation  of  the  Application  of 
Via  lop  las  tic  lty  Methods  of  Analysis  to  Metal  Deformation  Processing", 

(Prepared  under  Navy,  Bureau  of  Naval  Weapons  Contract  NOW  65-0374-d)  February, 


204 


(58)  Pugh,  H.  LI.  D. ,  and  Ashcroft,  K. ,  "The  Hydrostatic  or  Ramless  Extrusion  of 
Metals  by  Fluid  Pressure",  National  Engineering  Laboratory,  Department  of 
Scientific  and  Industrial  Research,  NEL  Report  No.  32,  May,  1962. 

(59)  Sachs,  G.,  and  Eisbeln,  W.,  "Power  Requirement  and  Flow- Processes  in 
Extrusion  Presses",  (In  German)  Mitt,  dtach.  Mat  Pruf  Anst.  16,  pages  67-96, 
1931. 

(60)  Pugh,  H.  Li.  D. ,  "Application  of  Static  High  Pressure  to  the  Forming  of 
Metals-Hydrostatlc  Extrusion",  Metal  Deformation  Processing.  Volume  II, 
page  125,  Defense  Metals  Information  Center,  Battelle  Memorial  Institute, 
(DMIC  Report  226).  July,  1966. 

(61)  Pearson,  C.  E.,  and  Parkins,  R.  N.,  The  Extrusion  of  Metals.  John  Wiley  and 
Sons,  Inc.,  New  York,  1960. 

(62)  Evans,  R.  M. ,  Strohecker,  D.  E.,  Olofson,  C.  T.,  and  Clark,  R.  W.,  "The 
Development  of  a  Technique  for  Improving  Rocket  Motor  Designs  Through 
Production  Cost  Analysis",  Battelle  Memorial  Institute,  Columbus,  Ohio, 

Final  Report  to  U.S.  Army  Missile  Command,  Redstone  Arsenal,  Alabama,  on 
Contract  DA-01-021-AMC- 15595(Z)  . 


205 


Unclassified _ 

Security  Classification 


DOCUMENT  CONTROL  DATA  •  R&D 

(Saourity  claaaitlcatian  o  /  tltla.  body  o/  abatraet  mnd  I  nd  axing  annotation  mutt  ba  anttrad  whan  tha  ora  rail  raport  la  elaaaltlad) 


1.  ORIGINATING  ACTIVITY  (Corporata  author)  2a  RERONT  6ECURITV  C  L  A**IFIC  A  TION 

Battelle  Memorial  Institute  Unclassified _ 

Columbus  Laboratories  2  6  group 

Columbus,  Ohio  43201  _ 


J.  REPORT  TITLE 


26  GROUP 


Design  of  a  Production  Hydrostatic  Extrusion  Press 


4.  DESCRIPTIVE  NOTES  (Typa  of  foport  and  lnclu.lv.  data.) 

Technical  Report  (Final)  March,  1967  -  June,  1968 


>•  AUTHORS  (Laat  nama.  tirat  nama.  Initial) 

Meyer,  George  E. ,  Simonen,  Fredric  A.,  Gerdeen,  James  C. ,  Fiorentii.o,  Robert  J, , 
Sabroff,  Alvin  M. 


S.  REPORT  DATE 

ne.  1968 


Sa.  CONTRACT  OR  GRANT  NO. 

F  33615-67-C-1434 

6.  PROJECT  NO. 

140-7 


10.  A  V  A  IL  A OILI TV /LIMITATION  NOTICES 


7«  TOTAL  NO-  OF  PACE* 


76.  NO.  OF  RKF* 


9a.  ORIGINATOR'S  REPORT  NUMB ERfSj 

AFML-TR-68-52 


9  6.  OTHER  REPORT  NOCS.)  (Any  othar  numbara  that  may  ba  aaaifiad 
thia  raport) 


This  document  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of 
'*  .  _  .  .  --  '  *  f  the  Air  Force  Materials  *  ‘ 


»-M4i141il'.<lH‘iiltl«IWV!iBHjMil 


11.  SUPPLEMENTARY  NOTES 


IS.  AMTRACT 


12  SPONSORING  MILITARY  ACTIVITY 

Air  Force  Materials  Laboratory,  Manufacturin 
Technology  Division,  Air  Force  Systems  Comma 
Wright-Patterson  Air  Force  Base,  Ohio  45433 


A  17,000-ton  hydrostatic  extrusion  press  was  designed  to  pressurize 
both  a  12-inch  bore,  250,000  psi,  multi-ring  container,  10  feet  long  and  a  6-inch 
bore,  450,000  psi,  fluid- supported  container,  3  feet  long.  A  stress  analysis  was 
made  of  hydrostatic  extrusion  containers,  stems,  and  dies. 

An  economic  analysis  indicated  that  there  were  important  areas,  such  as 
the  production  of  tubes  and  shapes,  in  which  hydrostatic  extrusion  techniques 
could  produce  close- tolerance  products  at  a  lower  cost  than  conventional  proces¬ 
sing. 

This  document  is  subject  to  special  export  controls  and  each  trans¬ 
mittal  to  foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Manufacturing  Technology  Division  of  the  Air  Force  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio  45433. 


FORM 

1  JAN  64 


1473 


Unclassified _ 

Security  Classification 


Unclassified _ 

Security  Classification 


Hydrostatic  extrusion 
Hydrostatic  extrusion- dr awing 
Hydrostatic  extrusion  tooling 
Design 


Construction 


Analysis 

Hydrostatic  extrusion  press  design 
Economic  analysis  -  hydrostatic  extrusion 


Steel  -  4340 


Aluminum  alloys 
Titanium  alloys 
Nickel-base  alloys 
Beryllium 
Shapes 


Tubes 


Security  Classification 


